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“Yes, sir,” answered Tom, looking up, roguishly, “I see; only the question 
remains whether I should have got most good by understanding Greek par­
ticles or cricket thoroughly. I’m such a thick, I never should have had time 
for both.”
Tom Brown’s Last Match - Thomas Hughes
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The observational analysis of astrophysical plasmas relies on accurate calculations of the 
atomic processes involved. The recombination spectra of singly ionised oxygen (O il) and 
carbon (C il) present excellent tools for investigating regions such as planetary nebulae 
and H II regions. In this thesis, detailed treatm ents of the recombination processes of 
both O II and C II are presented.
Using the R-matrix solution to the close coupling equations, I present the results 
of accurate photoionisation calculations. Bound state energy levels are determined and 
oscillator strengths calculated for both species. Recombination coefficients were evalu­
ated for low n and 1, for C II in LS-coupling, and 0  II in intermediate coupling, taking 
particular care to treat resonances effectively. Sample photoionisation cross-sections are 
presented for both species, and compared to previous work.
A complete radiative-cascade model is treated for both species, in order to determine 
line emissivities under nebular conditions at a wide range of tem peratures and densities. 
Collisional effects are treated for C II, along with, for the first time, the effects of high 
tem perature dielectronic recombination, allowing the modelling of regions of much higher 
electron tem perature than previous work. The O II calculations were performed under 
intermediate coupling for the first time, allowing the effects of non-statistical popula­
tions of the parent ion fine-structure levels and dielectronic recombination onto bound 
states within this fine-structure to be taken into account in line emissivities. Detailed 
comparison with previous theoretical work was made for both species.
The application of the C II and 0  n recombination spectra to determining tem pera­
ture and densities from the observed spectra of a number of ionised nebulae is considered. 
The potential for using the new recombination spectra as diagnostic tools to solve some 
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Astrophysical photoionised plasmas have served successfully as both tools and testbeds 
for more than a century. Astrophysicists plunder the vast number of lines available in 
the spectra of Planetary Nebulae, H n regions and Galactic Nuclei, to provide insights 
into the properties of the building blocks of the observable Universe. In parallel, atomic 
theorists use these observations to enhance their understanding of the microscopically 
small atomic world beyond the limits of any terrestrial laboratory. This symbiosis of two 
subjects with very different scales, has lead to im portant advances in both terrestrial 
sciences and the more heavenly variety.
Until recently, the analysis of photoionised plasmas relied on strong recombination 
lines of hydrogen and helium and collisionally excited forbidden lines. In the past few 
decades, increasingly sensitive observational equipment has allowed astronomers to probe 
the rich recombination spectra of low abundance species. W ith these new observations, 
far more detailed studies can be carried out on a wide range of objects, providing a 
better understanding of their conditions and formation. This naturally requires an equal 
improvement in the atomic theory used to model the observed spectra.
The modelling of atoms and ions under extreme conditions has become possible with 
the advent of modern computing, allowing the complex balance of atomic processes to 
be modelled and used to determine elemental abundances. The recombination of an ion 
and an electron, followed by observable radiative cascading, is an im portant populating 
process for states which may lie energetically higher than the therm al kinetic energy of 
the local gas. The variation in these processes with respect to tem perature and density,
16
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provides another tool for probing these plasmas, but again requires highly accurate 
atomic models to allow these diagnostics to be used. In general, therefore, there is a 
need for comprehensive sets of high quality theoretical recombination coefficients and 
radiative transition probabilities, to allow the astronomy and physics communities to 
better model both the world we live on and the Universe it calls home. In this thesis, 
I aim to present two such sets, one for singly ionised carbon (C II) and one for singly 
ionised oxygen (0  II)
1.1 Recom bination processes in photoionised nebulae
One of the most im portant sources of line emission in ionised nebulae is the recombination 
of an electron with an ion, followed by a downward cascade to the ground level of the 
ion, accompanied by the emission of spectral lines. Hydrogen recombination lines are 
the dominant example of these lines, followed by helium, and then heavier elements. 
Until recently, only the strongest metal lines were available in the observations of these 
objects, but improvements in technology have made hundreds of lines accessible. Strong 
lines of species like C II, C ill, C IV, O II, N II, N ill and Ne II are now very well resolved.
The photoionisation recombination timescales in a typical nebula are around 108s, 
compared to typical recombination cascade timescales of 104s. Therefore, one can assume 
that ions are always in the ground or low-lying metastable states in interactions, and 
photoionisation occurs from these states.
Radiative recombination is characterised by the following process,
X n+ + e~ -+ X*n_i)+ +  hv  (1.1)
where X n+ is an ion of effective charge number n  and is an excited bound state
of the recombined ion. The emissivity of a recombination line of wavelength A, formed 
by a transition i —► j  after recombination is given by,
he
e A = N ( X n+)N ea ef f ( \ , T ) —  (1.2)
where N e is the number density of free electrons, N ( X n+) is the number density of ions, 
and a efj is the effective recombination coefficient of the line, given by,
aeff(^’ r^') ~ S(A)aeff(*(»-i)+) (1-3)
where a eff(^(n-i)+ ) 1S effective recombination coefficient for population of the upper
level of the transition by direct recombination and cascading from higher states, and
17
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B(A) is the branching ratio. The tem perature dependence of effective recombination 
coefficients is of the order of a  oc T -1 for direct radiative recombination.
Dielectronic recombination is another im portant process in ionised nebulae. This 
involves the radiationless capture of an electron into a doubly excited state. The doubly 
excited ion then decays either by autoionisation, or radiative cascading to a bound state. 
This is characterised by,
X n+ + e~ ^  X (*„*_1)+
4-
x (*„_1)+ +  hu„ (1.4)
Dielectronic recombination coefficients have a strong tem perature sensitivity, with oc 
j>~3/2e- //T , where f  is a coefficient depending on the transition [65]. At high tem per­
atures, dielectronic recombination becomes the dominant process in nebulae, but it can 
also be im portant at low temperatures [91]. This is especially im portant in ions which 
have autoionising states lying just above the ionisation threshold.
1.2 Previous work
The calculation of theoretical atomic data and the application of this work to observa­
tional analysis has been an active field since the advent of modern computing. This work 
has improved both in the accuracy of the approximations used, and the completeness 
of the models developed, including more and more processes in the modelling. In this 
section, I review im portant work which, although not fully comprehensive, covers many 
of the steps which have lead to the work presented in this thesis.
The original steps in modelling the recombination spectra of ionised nebulae naturally 
considered hydrogen and hydrogenic solutions, since hydrogen is the dominant species 
in recombination spectra and is also the simplest problem to solve. Brocklehurst [18] 
calculates relative intensities of neutral hydrogen recombination lines and uses these to 
study the spectra of the planetary nebula NGC 7662. Brocklehurst based this work on 
the recombination coefficients of Burgess [20] and the collisional redistribution of angular 
momentum and energy treated by Seaton [80]. This work gave good agreement with the 
observed recombination spectrum of NGC 7662.
The next im portant step was to extend this modelling to more complex ions. Al- 
drovandi and Pequignot [3] calculated total radiative and dielectronic recombination
18
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coefficients for the non-hydrogenic ions of helium, carbon, oxygen, neon, magnesium, 
silicon and sulphur. They presented their results in the form of a fit that could be used 
over a large tem perature range. This has become the standard way to present results 
and makes the data  much easier to use by fellow workers in the field. They also suggested 
low tem perature dielectronic recombination as a source of recombination in planetary 
nebulae.
Burgess and Summers [23], followed by Summers [98], developed the analysis of the 
recombination and population structure of hydrogen and helium, including an angular 
momentum treatm ent for high excitation states and methods for joining regions of re­
solved and unresolved levels in an LS coupling treatm ent. Collisional processes were 
treated in this work, although no dielectronic recombination was included.
Further work on complex ions was presented by Storey [91]. This work presents the 
first calculation at nebular temperatures of dielectronic recombination rate coefficients 
for singly and doubly ionised carbon, doubly and triply ionised nitrogen, and quadru- 
ply ionised oxygen at typical temperatures and densities found in ionised nebulae. In 
this work, transition probabilities we calculated using the atomic structure code, SU­
PERSTRUCTURE developed and presented by Eissner et al. [30] and Nussbaumer and 
Storey [63]. This work was carried out in the LS-coupling approximation and ignored 
the effects of collisions on the population structure. Nussbaumer and Storey [65] further 
extended the treatm ent of dielectronic recombination coefficients, providing fits for a 
large number of lines for all ions of carbon, nitrogen and oxygen.
Returning to the work of Brocklehurst [18], Hummer and Storey [41] calculated 
relative intensities of recombination lines of neutral hydrogen and singly ionised helium, 
including all collisional effects and expanding the range of tem perature, density and 
principal quantum number over which the calculations are performed.
The Opacity Project [83] represented the first attem pt to provide a coordinated 
treatm ent of all astrophysically im portant ions, using a suite of codes developed to 
model the electron scattering problem in the R-m atrix formulation. This project provides 
atomic energy levels, oscillator strengths and photoionisation cross-sections for a wide 
range of ions, to a consistently high level of accuracy. This suite of codes have been 
developed over the past twenty years, currently being maintained in the UK by the 
RmaX collaboration [60]. Adapted versions are used in this thesis to calculate atomic 
data for singly ionised carbon and oxygen.
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Pequignot et al. [70] presented total and effective recombination coefficients for all 
hydrogen, helium, carbon, nitrogen, oxygen and neon ions. These were as fits valid for 
low densities and a range of temperatures. They calculated cross-sections for the ground 
state and n=2 excited levels, and used the cross-sections of Hofsaess [40] for n=3 states. 
Where no cross-sections were available, they extrapolated data from ions in the same 
isoelectronic series.
Davey et al. [28] provided a treatm ent of doublet states in singly ionised carbon, 
calculating photoionisation cross-sections using the Opacity Project suite of codes. A 
great deal of effort was made to improve the resolution of autoionising resonances, which 
were shown to dramatically increase the recombination onto levels when compared to 
the Opacity Project data. They also showed that moving the two energetically lowest 
resonances to their experimental energies significantly increased their contribution to the 
recombination coefficients, especially at low temperatures. They present effective recom­
bination coefficients for doublet lines of singly ionised carbon, valid for the tem perature 
range from 500K to 20000K, at an electron density of 104 cm-3 .
The most recent full treatm ent of the capture-cascade problem for singly ionised 
oxygen was presented by Storey [93]. In this work, rate coefficients were calculated at 
nebular temperatures and densities, treating both radiative and dielectronic recombina­
tion in the same way for the first time, using the photoionisation cross-sections from the 
Opacity Project to derive recombination coefficients. This work was carried out under 
an LS coupling approximation.
Liu et al. [49] extend this treatm ent in their paper analysing the spectra of the 
planetary nebula NGC 7009. In this work, they perform a partial intermediate coupling 
treatment for 0  n, for the levels of the (3P)4f, (3P)3d and (3P)3p electron configurations. 
Branching ratios for 4f-3d and 3d-3p transitions are presented, along with a comparison 
with experimental energies from Wenaker [104]. The resulting comparison with their 
observations of NGC 7009 shows a much better agreement between the intermediate 
coupling theoretical results than the LS-coupling results.
Oxygen ions have been the subject of continued work in the past decade by theoretical 
atomic workers. This work includes the recalculation of photoionisation cross-sections 
and oscillator strengths in the oxygen isoelectronic sequence using the R-matrix method 
by Nahar [58], showing the potential improvements tha t can be made over the Opacity 
Project data. Tayal et al. [99] present improved oscillator strengths from scattering
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calculations of singly ionised oxygen under LS coupling, using a greatly expanded target 
to better treat high lying excited states. Delahaye et al. [29] show in photoionisation 
and non-local thermodynamic equilibrium applications, Opacity Project data may not 
have the required resolution and accuracy, requiring the calculation of improved data.
1.3 Astrophysical application
Ionised nebulae act as the bookends of all stars lives. At one end many stars are born 
in the turbulent environment of an H II region, with hundreds or thousands of stars as 
companions. The largest and rarest will live fast and die young as supernovae, but the 
majority will plod their way along the main sequence before reaching their deaths as 
planetary nebulae. From these final events come the elemental enrichments of future 
generations of H II regions and stars. For this reason, analysis of the atomic processes 
in all types of ionised nebulae is vital for understanding many other parts of galactic 
astrophysics. Due to the extreme conditions encountered in astronomical objects, ex­
perimental methods are not viable as a source of most of the necessary atomic data. 
Therefore theoretical ab-initio calculations are performed to solve these problems and 
give atomic data for the astrophysics community, some of which are discussed above.
1.3.1 P la n eta ry  N eb u lae
Planetary nebulae are large expanding clouds of ionised gas surrounding highly evolved 
progenitor stars, which act as the source of the ionising radiation. A large percentage 
of stars go through this stage of evolution at the end of their lives before they gradually 
cool into obscurity. The average lifetime of a planetary nebula is around 50000 years, 
short in astronomical terms, but the frequency of occurrence is high enough to allow 
the observation of a large number of these objects in the night sky. The spectra of 
planetary nebulae are dominated by collisionally excited metal lines and recombination 
lines from a variety of ionised species. These observations give an understanding of 
both the properties of the nebula and the life cycle of the progenitor star, and also the 
chemical abundance of galaxies e l s  a whole e l s  planetary nebulae are a major source of 
metals in the interstellar medium [66].
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1.3.2 H  II regions
H II regions are large breeding grounds of stars, formed in the gravitational collapse of 
giant molecular clouds. They are highly disordered and rapidly evolving systems, with 
ionised plasmas formed around newly born massive stars. The spectra found in these 
objects are similar in many ways to those of planetary nebulae, being dominated by 
emission lines from recombined hydrogen and collisionally-excited forbidden lines.
1.3.3 P rob lem s in ion ised  nebular physics  
High tem perature dielectronic recombination
An im portant problem in the study of planetary nebulae is the observed discrepancy 
between temperatures and abundances derived from collisionally excited lines and those 
derived from recombination lines. The observed temperatures from collisionally excited 
lines are significantly higher than the temperatures given by both the Balmer series of 
hydrogen and recombination lines of the metals (e.g. C II and O il). The abundances 
from the metal recombination lines are significantly higher than those from the collision­
ally excited lines. This effect is especially prevalent in certain extreme objects which 
show very large temperatures and abundance discrepancies.
Attempting to account for these discrepancies, increasing evidence (e.g. Liu et al. 
[50], Wesson [105]) suggests that there are knots of metal-rich m aterial distributed 
throughout planetary nebulae. These metal-rich regions would be efficiently cooled by 
the metals emitting recombination lines without being re-excited by collisions with free 
electrons, due to the relatively low abundances of ionised hydrogen. Metal IR fine- 
structure lines (e.g. C n and O ill) would be the main coolants in the nebula and 
allow very low temperatures compared to the rest of the nebula. Thus the density and 
tem perature discrepancies would be due to this dichotomy.
Stasinska and Szczerba [89] propose regions of high dust concentration. This would 
lead to increased ionisation in the dusty regions as electrons are removed from the dust 
grains. This would then appear to give a higher abundance of ionised metals than 
expected and a higher metal forbidden line tem perature than expected from observa­
tions of the hydrogen Balmer series, again explaining the discrepancy. This model gives 
the possibility of electron temperatures significantly above 20000K. This would allow 
high tem perature dielectronic recombination to become an im portant source of recom­
bination for species like C II and could provide an explanation for the observed optical
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recombination line discrepancies with the associated increase in metal recombination 
line emissivity. However, this process is not currently included in nebular recombination 
line theory, such as that of Davey et al. [28].
N on-statistical parent population
Another problem in current modelling of atomic processes is the lack of an effective 
intermediate coupling treatm ent for the radiative-cascade problem. In objects like H n 
regions and low density planetary nebulae, the population of the ground term fine struc­
ture of O ill is poorly represented by a Boltzmann distribution. Previous models have 
used the LS-approximation which tacitly assumes a statistical distribution of population 
among 3P j  levels and gives satisfactory results for low lying states. However, as one 
moves towards higher energies, the wider separation of the 3P j  levels leads to increased 
departures from Boltzmann populations. This effect is im portant in some significant 
states in ions like O II (e.g. (3P)3d-4f transitions [104] and the (3P)3s-3p VI multiplet 
[100], observable in recent years using high-resolution spectroscopy). This break down 
in the LS-approximation is due in part to the fact tha t the LS-coupling models are based 
on statistical populations. This problem would be removed by the use of an intermediate 
coupling model.
The non-statistical population of the ground term fine structure also raises the prob­
lem of whether recombination line ratios give us a measure of the tem perature of a 
region, or are in fact providing a measurement of the density [68]. The introduction of 
intermediate coupling into the existing codes used to solve the radiative-coupling prob­
lem would provide an improved understanding of the physics and properties of ionised 
nebulae.
1.4 Summary
In this thesis, I aim to present full and accurate treatm ents of the recombination spectra 
of singly ionised Carbon and Oxygen, two im portant ionic species in astrophysical ob­
jects. W ithin these treatments, I take account of all im portant processes, and calculate 
new and accurate atomic data where needed. The goal of this work is to provide the 
astrophysics community with new atomic data to model a wide range of object types 
containing photoionised plasmas.
The need for ever improving atomic data goes hand in hand with the advances
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made in observational techniques. As the regions of interest are extreme in comparison 
to anything available in terrestrial laboratories, most of this atomic data is derived 
theoretically. I present tables of tem perature and density dependent line strengths, 
suitable for use by astronomers for line identification and analysis.
Chapter 2 presents the methods using R-matrix theory to solve the close-coupling 
approximation. It explains the general determination of bound state energies and the 
generation of oscillator strengths and photoionisation cross-sections using the RmaX 
suite of codes.
Chapter 3 describes the application of the R-matrix theory to generate photoionisa­
tion cross-sections for C II. The C2+ target is presented, along with calculated bound 
state energies and photoionisation cross-sections. The energy meshes used to generate 
free state wave functions are explained.
Chapter 4 details the solution of the level populations for C II. It includes a descrip­
tion of the calculation of the radiative and collisional rates, including the contribution 
of the dielectronic recombination to the total recombination rate. Tables of wavelengths 
and effective recombination coefficients under case A and case B are given covering a 
wide range of temperatures and densities, applicable to a variety of astrophysical applica­
tions. A comparison is made with Davey et al. [28] showing the effect high tem perature 
dielectronic recombination has at relatively low temperatures.
Chapter 5 presents the application of the R-matrix theory to generate photoionisation 
cross-sections for O II. The 0 2+ target is presented, along with calculated bound state 
energies and photoionisation cross-sections. The energy meshes used to generate free 
state wave functions are explained, along with an explanation of the extension of the 
R-matrix methods to include the Breit-Pauli approximation. Finally some examples of 
the photoionisation cross-sections are presented.
Chapter 6 details the solution of the state populations for O II. It includes a descrip­
tion of the calculation of the radiative rates, including the derivation of recombination 
coefficients from partial photoionisation cross-sections and the evaluation of the O III 
fractional parent populations. Coulombic and hydrogenic approximations, used where 
R-matrix data is unavailable, are detailed. A treatm ent of the dielectronic recombina­
tion onto states lying energetically between the 3P fine-structure parent levels is also 
presented. Tables of wavelengths and effective recombination coefficients are given cov­
ering a wide range of temperatures and densities.
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Chapter 7 shows two applications of the presented calculations to the observed spec­
tra  of planetary nebulae and H II regions. Firstly, the intensity ratios of various C II 
recombination lines are used to provide a new measurement of the electron tem perature 
within a number of planetary nebulae and a comparison is made with previously derived 
values. Secondly, O II data is used to provide a tem perature and density diagnostic for 
a variety of ionised nebulae, including two new methods.
Conclusions are given in chapter 8 , along with limitations and potential future ap­
plications and extensions of the presented work.
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Chapter
R-matrix theory and methods
2.1 Introduction
Photoionisation refers to the process where an incident photon has more energy than 
the binding energy of the weakest bound electron in an atom or ion. At energies greater 
than this ionisation threshold, the photon can be absorbed and the excess energy is the 
kinetic energy of the removed electron. This process can be described by,
X%+ +  w -> x f +1]+ +  e -  (2 .1 )
If we let cru (a -» / )  be the cross-section for the process, then
&u{<* -> / )  = ° 0< * - S ( E , /;  a) (2.2)
9a
where u  is the energy of the incident photon in Rydbergs, ga is the statistical weight of 
the bound state and S ( E , f \ a )  is a generalised line strength.
Modelling this process is achieved using the atomic R-m atrix programs, developed 
over more than 30 years, beginning with Berrington et al. [13] (modified in [15]). This 
was followed by the publication of a Breit-Pauli version [77] and further modifications 
in the following years. A review of these R-matrix methods [24] was published in 1993, 
bringing together the previous work.
The R-matrix suite of programs solve the many-body Schrodinger equation for an 
atom in the close-coupling approximation of electron-atom collision theory. The time 
independent Schrodinger equation is given by,
H n +i V = E V  (2.3)
26
2.2 Close-coupling approximation
The R-matrix codes calculate numerically the total wavefunction of the system with 
total energy E. When run in LS-coupling mode, the Hamiltonian for the N  target 
electrons and the scattering electron in the electrostatic field of the nucleus (charge 
number Z)  is given as,
Here =  |r*j — r? |, where r* is the radius vector of electron i with respect to the nucleus. 
Where fine structure information is required, a Breit-Pauli approximation is used to give 
a modified Hamiltonian.
To carry out the collision calculation, a target must first be created which defines 
the N-electron states to collide with the free electron. To achieve this, either CIV3 [39] 
or AUTOSTRUCTURE [4] (which incorporates SUPERSTRUCTURE [30]) are used to 
generate radial orbitals from numerical integrations of central-field equations.
The R-matrix approach starts by dividing the electron-atom collision into two re­
gions, an inner and outer region, separated by a shell of radius a centred on the atom 
nucleus. In the inner region, electron exchange and interaction between the scattering 
electron and the N-electron target are important, and the system is similar to a bound 
state. Therefore a full configuration interaction expansion is applied to the region.
Outside the boundary, a, the scattering electron is considered to have no interactions 
with the individual target electrons (this relies on a being the correct size). The scat­
tering electron interacts with the multipole potential created by the target as a whole. 
The solutions for the two regions are constrained by the requirement of continuity at the 
boundary a. Once matched, the resulting collisional model gives rate coefficients and 
excitation cross-sections.
2.2 Close-coupling approximation
For a system containing N  +  1 electrons, the electron coordinates are given by x n = 
(rn,&n), n = 1 to (N  +  1), with a position vector, r n , and a spin coordinate, an. We 
refer to the states of the AT-electron system as target states. These target states can be 





which depends on all coordinates apart from x n. In 2.5, YiS iL iMsiMLi defines the 
angular momenta of the target and 7Tj is the parity of the target. We can define functions
X { h m sm l\Tni On) =  Xm3 i r n) (2-6)
where Xrmi^n) is a spin function. Taking vector-coupled products of 2.5 and 2.6 gives,
x t X i S i L i k S L M s M ^ r - 1) (2.7)
These functions depend on all coordinates apart from r n. The quantum  numbers
S L M s M l it (2.8)
define the total angular momenta and parity of the whole system, and will be conserved 
in collisions. The total parity of the system is given by
( - i y  =  ( - i ) * i+,i. (2 .9 )
The complete wavefunction, in the close-coupling approximation, is given by
i  J
=  A ^ X i i r  “  n _1) ( l / r n )F i(rn) +  $ j C j  (2.10)
i=i j —i
where A  is the antisymmetrisation operator
N + 1
^ t= ( iV  + l ) - 1/ 2 ^ ( - l ) n . (2 .1 1 )
n = l
The radial functions Fi(r) of the added electron are constrained to being orthogonal
to the radial functions of the core, Xi, having the same angular symmetry. are
bound-state functions, included to compensate for the orthogonal constraint of the Fi(r) 
functions. For complex atoms and ions it is more convenient to introduce additional 
pseudo-contracted orbitals with the same range as the Hartree-Fock orbitals for the 
target, and to construct correlation configurations from these.
As 2.10 is a contracted representation of the true to tal wavefunction (due to the
orthogonal constraint), 'F is not a solution of the Schrodinger equation,
( H - E ) *  = 0 (2.12)
where H  is the whole system’s Hamiltonian and E  is the total energy of the system. We 
can use the variational condition,
(<5tf|tf -  £ |t f )  - 0  (2.13)
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to derive the equations used in close-coupling theory, where 8$  is any variation in due 
to variations of F{{r) or Cj.
The target functions Xi are constructed using a common set of radial functions, 
Pni(r). In the CIV3 approach, these radial functions are of two types. Spectroscopic 
orbitals, n l , self consistent field orbitals; and correlation orbitals, n/, described above, 
included to model electron correlation effects and thus improve accuracy. The radial 
functions can then be calculated using Slater-type orbitals given by,
p m{r) = Ckr mkexp{- f ikr). (2.14)
k
Powers of r  are related to the orbital quantum number, Z, by m* > Z +  1. To approximate 
these orbitals, Hartree-Fock functions together with correlation orbitals are employed. 
Diagonalisation of the target Hamiltonian in a configuration interaction representation, 
with varying parameters Ck and pki allows us to minimise a specific eigenvalue or group 
of eigenvalues, subject to orthonormality constraints.
Alternatively, the AUTOSTRUCTURE approach expands the wave functions in 
terms of Slater determinants. The expansion coefficients are generated as the eigen­
vectors of the angular momentum operators L2, L z, S 2 and can in principle be made up 
of any mixture of configuration types, although the size of computer memories provides a 
natural limit. AUTOSTRUCTURE can be provided with, or internally calculate, radial 
functions in a modified Thomas-Fermi potential [31], including the ability to adapt this 
potential with user defined scaling parameters, A. By varying these scaling parameters, 
a minimal energy can be obtained for a state. All radial functions of the same I must 
be orthogonal and must be calculated in the same potential. However, for different I 
different potentials can be formed, so in general, V(r) = V(X /,r) .
2.3 Inner region
In the inner region, we obtain solutions to satisfy fixed boundary conditions at r = a 
for the functions, ^  = ipn . The value a, of the radial variable r, is chosen such tha t the 
functions Xi and $ j  are small, and exchange and correlation effects can be neglected, for 
r > a. Solutions exist for a discrete set of energies, E  = en , and contain radial functions 
Fi(r) = fin{r). These functions are then constrained by assuming tha t the derivatives 
of the radial functions are zero at the r = a boundary.
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^ e  (the complete wavefunction for any value of E)  can be expanded as,
=  ^ 2  ^nAnE  (2.15)
n
Burke et al. [25] show that,
K e = (en -  E r l £  },n(a)F'iE(a) (2.16)
i
where F'iE(a) is such tha t 'J' e  satisfies normalisation and boundary conditions. There­
fore,
FiE(a) = Y , R*v{E)F'iB(a) (2.17)
i'
where
R i A E )  = J 2  /m (a)(e„ -  E ) -1 f'in(a) (2.18)
n
Rtf  (E) is referred to as the R-matrix.
We calculate inner region partial wavefunctions, ;^n , by first expanding the radial 
functions f in {r) in terms of functions uiik(r). Here uik(r) are the zero-order basis func­
tions, which are solutions of
uik(r) + ^ 2  XriikPni{r) = 0 (2.19)
n
and satisfy the R-matrix boundary conditions,
uik{ 0 ) =  0
u ' l M  =  0  (2 .2 0 )
uik are called continuum orbitals [25], as opposed to the bound state type orbitals, Pn/(r), 
included in 2.19. V(r)  is a zero-order potential and the Anik are Lagrange multipliers. 
They ensure the continuum orbitals are orthogonal to the bound orbitals, Pni{r), of the 
same angular symmetry.
The continuum orbital functions m k are then Schmidt orthogonalised to the correla­
tion orbitals. We can now construct functions,
i’ik -  AXi{ r - l ) — uiik{rn) (2 .21)
rn




+  1 ) -  V{r)  4- eik
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An im portant source of error in this method [12] is the truncation of the expansion 
to include K  functions, k = 1 to K .  This gives N  functions, ipnt n — 1 to N  and a 
truncated R-matrix
N
R\P = E  (2-22)
n = 1
Buttle [26] gives a method for correcting this truncation. This involves including cor­
rections to the diagonal terms of the R-matrix. Truncation of 2.15, using 2.16 gives,
N  I
* E ) =  E  -  E ) - 1 E  Sin(a)FlB (a). (2.23)
71 =  1
If we now put
where
and from 2 . 2 1
$ E =  +  A 4 'B (2.24)
i ^  =  ^ A * x ^ E(a) (2.25)
A A  = A x,(rn ‘) ( - l )  Auijjtj(rn) (2.26)
’ n
we can now write the complete expansion including Buttle correction,
N  I
^  A ^ F /£ (q). (2.27)
71=1 1=1
The R-matrix method gives functions ^  for the inner region r  < a, bounded at the 
origin and containing radial functions F(r)  at r = a. We now need solutions for the
outer region, r  > a, which tend to zero for r —>• oo and match the inner region solutions,
at r = a.
2.4 Outer region
For each energy defined in the inner region, there is a set of linearly independent outer- 
region functions, \tv. In the outer region (r > a), these functions have expansions
=  A ^ 2 ^ i - F i ' ( r )  (2.28)
i
where F are radial functions of the outer electron such tha t ify —> 0  for r  —> oo to 
match the boundary conditions.
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In the outer region, the set of linearly independent outer-region functions reduce to 
ordinary differential equations,
( - ^  -  k{h t Fifr) +  y ;  V,Ar)Fi,(r) =  0 (2.29)
V dr2 r 2 , /
where Vw (r) are long range multipole potentials of the form,
=  r  (2-3°)
A
It can be shown [82] that
2 Z
^  ---- f°r r  -  (2.31)r
Therefore the long range multipole potentials can be regarded as small perturbations 
and neglected. W ith this assumption, the solutions of 2.29 reduce to Coulomb functions.
Let Ei be the energy of the target state i and e* be the energy of the added electron. 
The total energy E , is then given by
E  = Ei + ei. (2.32)
ei < 0  corresponds to bound states for all i and the radial functions Fi(r) go to zero 
exponentially in the limit of r —> oo. The collisional states are such tha t e < 0 for some 
values of i. A  channel i is said to be open if e > 0 and closed if < 0. Let the Ei be 
ordered such that E\ < E 2 < . •. < E{. For a given E  there are I 0 open channels,
€i > 0 for i = 1 to IQ
ei < 0 for i =  (I D +  1) to I  (2.33)
Fai are defined to be radial functions satisfying the reactance m atrix boundary conditions 
[16],
Fu> T’~°° Si(r)5(i,i') + Ci(r)K(i,i')  for i = 1 to I 0
Fa> r~° 0 for i = (I0 +  1) to I  (2.34)
with i' =  1 to IQ. The functions S{(r) and Ci(r) are the Coulomb functions with asymp­
totic forms, given by Seaton [81],
s(e, l;r) ~  (irk)~i sin(£)




£ =  kr  -  j-ln +  % ln(2 kr) +  arg "  
2  k
(2.36)
and where Z  is the charge on the target system. The Coulomb functions 0 ± (r) are 
defined by
(t>±(r ) — c ± i s  (2.37)
and have the asymptotic form
0± (r) ~  (irk)2e±z  ^ (2.38)
The S-matrix is defined by the following boundary conditions
F u  r^°° r li+l
F~i' ~  ^ “ ( ^ ( m ' )  ~  ^ M ^ m ' ) ]
FH> ~  0 for i =  (I0 +  1) to I  (2.39)
Comparing 2.34 and 2.39 the two ni0 x n / 0 matrices, Sa> and Ka> are related by the
matrix equation,
(1  +  iK )
S =  ( T ^ I k ) <2'4°)
and that
F -  =  - F ( l - * ) _ 1  (2.41)
where the F(r)  are functions with K-matrix asymptotic forms. The functions F +(r), 
representing final state radial functions used in the photoionisation calculations, are the 
complex conjugates of the functions F~(r).
F +(r) =  F~*(r) (2.42)
The radial functions, F ± give functions ^  satisfying
( ^ ( E ) ! ^ # ' ) )  =  8{E -  E')  (2.43)
with E  and E'  in Rydbergs.
2.5 Boundary matching
To complete the solution, we now match the inner and outer region equations at the 
boundary r = a. Equation 2.17 can be written
F  =  R F ' (2.44)
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The solution for all channels being open gives,
F  =  S +  C K  (2.45)
and substitution in 2.44 leads to
K  =  - ( C  -  R C 'r H S  -  R S ') (2.46)
In the case of a mixture of open and closed channels, a square m atrix of outer region
functions can be defined,
— , C oo  ©Oc ,
c  =  ( _ I (2.47)
C co  @ cc
containing i rows and I  columns, and a rectangular matrix
K  =  (  K °° )  (2.48)
\  /
containing I  rows and I0 columns. In 2.48, K 0 0  is a square m atrix defined in 2.4,
containing 70, rows and columns. The matrix K  is such that the outer region functions
are,
F  =  S +  C K  (2.49)
and substitution into 2.44 gives
K  =  - ( C - R C r ' f S - R S ' )  (2.50)
Once the matrix K  has been calculated, the derivatives of the functions F'(a) can be 
calculated and hence the coefficients A, in 2.16.
2.6 Breit-Pauli approximation
As mentioned in the introduction of this chapter, to obtain fine structure information, 
we use a Breit-Pauli Hamiltonian as detailed in Scott and Burke [76]. This has the form,
=  H N+l + + H ° l \  + Hf?+i (2.51)
where H n +i is the previously defined non-relativistic Hamiltonian (2.4). Each of the




n =  1
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H n +i is the Darwin term given by,
(2.53)
Hff+l is the spin-orbit term  given by,
^  =  —  2 . ^ 3
n = 1 7
(2.54)
The spin-orbit interaction splits the LS terms, giving fine structure levels defined by J tt 
notation. When used, a pair-coupling scheme is used to evaluate the m atrix elements. 
This uses,
where Ji is the total angular momentum of the target state, I is the orbital angular 
momentum of the incident electron and 1 / 2  is the spin of the incident electron.
In this method, the Hamiltonian matrices are initially calculated in LS-coupling and 
then transformed to pair-coupling. This significantly increases the size of the Hamilto­
nian to be diagonalised and makes the process a more challenging task computationally.
A column vector of functions F (r) can be constructed for r < a which satisfies,
where R  is the matrix of elements R a ' (E ) and f3 is a constant. We can construct a 
square matrix of functions P (r)  for r > a. All functions of r  are taken to be matched at 
r = a.
The condition for matching is,
Ji +  1; =  K , K  +  I  =  J, (2.55)
2.7 Bound states
Seaton [82] details the use of the R-matrix method to generate bound state energy levels.
F  =  R (F ' -  /3F) (2.56)
F  =  P X (2.57)
(2.58)F ' =  P 'X
where X  is a column vector. Substituting 2.57 and 2.58 into 2.56 gives
P X  =  R (P ' -  /3P)X (2.59)
If we now let the functions Q be defined such tha t for r  > a,
Q =  P ' -  £ P (2.60)
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then from 2.59 the following is obtained,
(P  -  R Q )X  =  0. (2.61)
From this, a general form of the matching conditions is taken to be,
B (E )X  = 0 (2.62)
Equations of this form have solutions only at certain discrete values of E , corresponding 
to the bound-state energy eigenvalues. By searching systematically for cases where the 
determinant of B (E) = 0 ,  we can locate energy eigenvalues.
Given an initial estimate, E0 of an eigenvalue, 2.62 can be solved using successive 
linearisations. Putting,
B(E)  = B (E0) + { E -  E 0)B{E)  (2.63)
the standard eigenvalue problem
B X  =  x B X  (2.64)
with B =  ’B(Eq),  D =  —i$(E0) and x = (E -  E 0), is obtained. Then E  =  E\ = Eq +  x  
is taken to be an improved estimate of the eigenvalue obtained from solving 2.63. The 
linearisation procedure is repeated, taking Eq — E\  and continuing until x  is sufficiently 
small. The form, 2.59, of the matching condition corresponds to taking
B (E) =  P (E ) -  R (E )Q (E ) (2.65)
This form has a disadvantage in that the matrix B (E ) will have poles at the R-matrix
poles, E  = en , in 2.16. A method of solving this problem of energy eigenvalues cor­
responding to R-matrix poles and the method for obtaining the smallest eigenvalue x, 
above, is given in the appendices of [82].
2.8 Oscillator strengths
We can define the line-strength for a dipole transition between two states a and b of 
energy (in Rydbergs) E a and Eb in length and velocity form,
S L(b;a) =  |(f>||£>z,||a) | 2 (2.66)
S v (b-,a) = 4(£-„ -  JB'a) - 2 |(6 ||Z>i, | | « ) | 2 (2.67)
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Here, the oscillator strength is the dimensionless quantity /(&, a) defined by,
9af(b,a) = ± (Eb - E a)S(b;a) (2.68)
where ga is the statistical weight of the initial state. Depending on the coupling scheme, 
this can be (25a +  l)(2L a +  l) for T 5 -coupling or (2Ja +  l) for pair-coupling. The velocity 
and length are identical for exact dipole functions. This can provide a measure for the 
accuracy of our calculated dipole matrix.
2.9 Photoionisation cross-sections
Equation 2.2 gives the formula for the cross-section, au for the process 2 .1 . In a similar 
way to 2 .6 6 , we can define a general line strength for a transition from a bound state 
a (energy, E a) to a final free state energy E f  = E a +  u,  where u> is the photon energy. 
This generalised line strength, in atomic units, is
SO®/! o) =  £ |( L /® / | |Z J +  ||a ) | 2 (2.69)
L
where D^a is the dipole matrix element. The initial and final states have the same 
spin and opposite parities. Yu Yan and Seaton [1 1 1 ] detail the calculation of atomic 
photoionisation cross-sections using C II as an example.
2.9.1 R adial w ave fu nctions
The dipole matrix element, D j a, is calculated using the final-state radial wave functions, 
given by 2.41 and 2.42. If I  is the total number of channels included in the close-
coupling expansion, then i is the channel index, i =  1 to I. The total energy E,  is given
by
E  = Ei + €i (2.70)
where Ei is the energy of the target state X+,  for channel «, and e* is the energy of the 
incident electron. Similarly to 2.33, open channels have e* > 0 and closed channels have 
ei < 0. We can let there be I Q open channels. Then
i = 1 to I0 for open channels
i = (IQ + 1 ) to I  for closed channels
/  =  1 to I 0 (2.71)
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The matrix F + (r), with elements 7 ^ ( r ) ,  is partitioned into open-open and closed-open 
submatrices.
F  =  f  F “° j  (2.72)
FooM  and F c+o (r) are the complex conjugates of the asymptotic forms given in 2.41. The
numerical calculations are made with real functions F (K |r)  with K-matrix normalisation
2.34. It follows that
F + =  «F(K)(1 +  «K ) _ 1  (2.73)
Summations over the channel indices, i, give expansions of the wave functions and, for 
a given initial state, a, the dipole matrix elements depend only on the index / .  Let D + 
and D (K ) be the column vectors, with elements D~ja and D / a{K ), calculated using the 
functions F + and F (K ). They are related by
D + =  - t ( l  -  iK )- 1D (K ) (2.74)
We now describe the treatment of resonance structure using quantum  defect theory.
2.9 .2  Q uantum  defect th eory  : resonance ap p lica tion
The application of quantum defect theory to resonances is discussed by Seaton [81]. The 
scattering matrix behaviour is,
S =  Xoo -  Xoc[Xcc ~ e x p ( -2 7 r ^ ) ]_ 1 x co. (2.75)
as a function of energy. We assume that x  varies slowly with energy and that all rapid 
variations in S, as a function of energy are due to variation of exp(—27riv) in 2.75.
Resonances are due to poles in S and occur at complex energies e(pole) which are 
such that
det[xcc -  exp(—27xiv)\ =  0 (2.76)
In the situation where all channels are closed, this expression is equivalent to the search 
for zeros in the determinant of B(E)  for bound states.
The matrix % contains functions related to open and closed channels. It has dimen­
sions, 7 x / ,  compared to S which has dimensions 70 x 70, where I 0 is the number of
open channels and I 0 < 7 if some channels are closed. In the case of all channels open,




X is first partitioned into two groups of channels. A lower group (a) containing open 
or closed channels and an upper group (6 ) containing all closed channels.
where vc is a m atrix of effective quantum numbers for the closed channels in group a. S 
will have rapid variations due to vc in 2.79 and slower variations due to in 2.78.
In the region below a new threshold, it can be assumed tha t we have eliminated 
higher thresholds by using a contracted x matrix and that all closed channels belong to 
the new threshold. Xcc can be diagonalised,
with x'cc diagonal, and putting x'Cc = exp(27ri pc), where p c is the complex quantum  
defect [62] given by,
with a c and (3C real.
As Xcc is symmetric, X  in 2.80 can be normalised to X TX  =  1. This leaves us with
where i and j  are open channels and p is summed over the degenerate closed channels.
In reality, Xcc is diagonalised, giving rise to complex quantum  numbers vp described 
previously, vp = In x'cc• Using vp — n — fj,p then for closed channels belong to a core with
(2.77)
We can now define a contracted matrix,
x(contr) =  X a a  -  Xab[Xbb  -  exp(—27TWC)\ l x ba (2.78)
If all channels in a are open then S =  x(contr). If some of the channels in a are closed 
then x(contr) is partitioned to obtain,
S =  Xcocontr -  XocContr[xcccontr -  exp(-27r*Vc)] ^coContr (2.79)
X coX  X Xcc (2.80)
p c = Oic + ipc (2.81)
[Xcc -  exp(—2?Til/)] = X[x'cc -  ex p (-2 ?r^ )]X T (2.82)
If we now define x'oc = XocX and x'co — X TXco we obtain
S =  Xoo -  XooIXcc ~ exp(-27T2i/)] Y co (2.83)
or
exp(27ri/j,p) -  e x p ( -2 m p ) (2.84)
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energy ec, then the energy of the pole is £p0 je =  £c — [^polel 2 • Putting (iv =  a p +  i(3p 
and dropping subscripts p,
= ,  [(n -  a)2 -  ff2] +  i[2(n -  op/3]
P°le c [(n -  a ) 2 +  /32 ] 2 ' j
and hence for (n — a) (3,
£P°le ~  £c ~  („ -  a ) 2 “  c J  2^’86^
where 7  =  4/3(n — a ) -3 , is the autoionisation width.
2.9 .3  G ailitis  averages
In the region leading up to a threshold, cross-sections averaged over some distribution 
f (u)  of electron velocities are required. This is required because the variation in the 
cross-section due to an infinite series of resonances will be more rapid than the variation 
in f (v) .  We can calculate cross-sections for v > vmax averaged over the resonances in 
series converging on the next threshold. Gailitis [35] gives a method for deriving the 
averaged cross-section for a photon energy w0, corresponding to an effective quantum  
number v =  z/q,
< (Turn > =
rvo+h
 /  <Jwdv (2.87)' o
‘vo­
lt  follows that the averaged total cross-sections below threshold, joins smoothly onto au 
above.
2.10 Rm aX code suite
The RmaX Project codes based on the R-matrix theory, as described, were adapted 
from the codes of the UK RmaX network [60]. The codes break down into sequential 
modules and are written in such a way tha t once the solutions to the inner region and 
the Hamiltonian have been calculated, there is no need to run them again for solving 
the outer region. I summarise the running order of these modules here, and figure 2.1 
illustrates this process and the datasets produced in each stage.
2.10.1 ST G 1
STG 1 reads radial functions for the target, created using the AUTOSTRUCTURE [30] 
or CIV3 codes [39], calculating solutions utk(r) of 2.19, evaluating all radial integrals 
required in the subsequent calculations.
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Figure 2.1: Schematic of the RmaX suite of codes [60].
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2 .10 .2  ST G 2
STG2 performs angular algebra operations. Reading the radial integrals generated by 
STG1, it evaluates matrices of the Hamiltonian and dipole operators in the representa­
tion of the states.
2.10 .3  S T G JK
If fine structure splitting is required, STGJK transforms the Hamiltonian matrix, long- 
range potential coefficients and the dipole matrix, from TS-coupling to pair-coupling by 
means of a unitary transformation.
2 .10 .4  ST G 3
STG3 diagonalises the Hamiltonian matrix and produces datasets H  and D{. Dataset 
H  contains the basic R-matrix data, the energies, en and the surface amplitudes, / i n (a). 
Dataset Df, contains the dipole matrices D(n, n'). STG3 produces an index file and one 
file for each S L tt or J n  combination.
2.10.5  ST G B
I discuss the methods of STGB in 2.7. STGB reads the H  dataset and calculates bound 
state energies. It produces a dataset, B, which holds the energy and effective quantum 
numbers for each S L n  or Jn,  in the effective quantum number range specified. This 
dataset is required in the oscillator strength and photoionisation cross-section radiative 
calculations.
2.10 .6  ST G F
STGF reads the H  dataset produced by STG3. From this it produces F  datasets, for 
which the processes are detailed in sections 2.4 and 2.9. These files provide information 
on the final states, used in the calculation of the photoionisation cross-section in STGBF.
2.10 .7  S T G B F
STGBF reads the B , D  and F  datasets and calculates photoionisation cross-sections. It 
has options to calculate a total cross-sections to all final states, or partial cross-sections 
to all available channels. A fuller description of STGBF is given by Yu Yan [109] or 
Berrington et al. [12].
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2.10.8  S T G B B
STGBB reads the B  and D  datasets and calculates oscillator strengths for bound-bound 
transitions.
2.11 Conclusions
Using the close-coupling approximation, we are able to solve the interaction between 
an electron and a JV-electron target, deriving bound state wave functions for a {N + 
l)-electron system. These calculations can be performed under LS-coupling or pair- 
coupling, with fine structure splitting included using a Breit-Pauli approximation. The 
end product of this process is to derive im portant atomic data for the systems of interest, 
principally energy levels, oscillator strengths and photoionisation cross-sections.
The RmaX suite of codes [60], which incorporate these R-matrix methods, are a 
powerful set of publicly available modules to solve electron-ion interactions under the 
close-coupling approximation. The flexibility in the modular design of the suite and the 
efficiencies achieved due to minimising rerunning modules, ensures it is an im portant 
part of the atomic theorist’s ’toolbox’.
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Chapter
C II R-matrix calculations
3.1 Introduction
The first system we treat using the R-matrix methods described in the previous chapter 
is C2+ +  e~. We use these methods to obtain the various types of atomic data required 
to model this species in diffuse astronomical such as Planetary Nebulae. This chapter 
details this application, including a comparison with previous work on C II.
Due to the importance of C+ in various astronomical objects and the requirement 
of the astronomy community for high quality theoretical data, a number of workers 
have generated photoionisation cross-sections for the species in the past. The work of 
the Opacity Project [110] to provide photoionisation cross-sections for many im portant 
species included C+ . These results were later superseded by the work of Davey et al. [28], 
which improved the resolution of the cross-sections at low energies from a fixed quantum 
defect mesh of 1 0 0  points between each integer quantum  number relative to the next 
threshold, to an adaptive quantum defect mesh, targeting resonances with a much finer 
mesh. Davey also moved a number of low energy resonances to their experimentally 
derived energies to give an accurate treatm ent of low energy total recombination onto 
the C2+ target.
Davey’s work is still the best available treatm ent of the low energy limit of C+ 
photoionisation and we extend this treatm ent in the work presented in this chapter. 
However, the intention of our work on C+ is to provide a treatm ent of the high tem­
perature capture-cascade problem, including dielectronic recombination onto levels lying 
above the energy range covered by Davey. To achieve this aim, it was decided to carry
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out a new calculation, more than doubling the energy range covered in the previous 
work. Like Davey, this work only treats doublet states of C+ . Some quartet states, 
converging on the 2s2p (3 P°) state of C2+, do autoionise and give rise to observable 
transitions. However, their interaction with doublets is weak, so they will not disturb 
the doublet recombination problem. This work is performed under LS-coupling. This 
is a valid assumption, as there is no fine-structure splitting in the ground state of the 
C2+ parent, meaning 2s2 (1S)n/ states have very small fine-structure splittings. In this 
chapter, I present the application of the R-matrix methods described above,
3.1.1 T he C 2+ Target
The photoionisation of C+ is considered in terms of a (C2+ +  e~) problem. The starting 
point for the calculations is the C2+ target. In these photoionisation calculations, the 
C2+ target was generated using the CIV3 code [39]. The target is similar to the one 
used by Davey [28] which in turn is an adapted target from Berrington et al. [14] 
made up of Slater-type orbitals. Pseudo orbitals are used to provide a better agreement 
with experimental data  of the level structure of C2+. Table 3.1 shows the target states 
included in the calculation. The main difference with the Davey target is the addition of
Table 3.1: C2+ Target States
Configuration Term
2 s2 XS
2 s2 p 3po





2s3 d l D
2s3 d 3D
the three new target states 2s3p 1P°, 2s3d *D and 2s3d 3 D. These are added to improve 
the polarisability of the target states. This polarisability is represented by strong dipole- 
allowed transitions in the target. The main contribution to the polarisability of 2s2 XS 
comes from the 2s2 1S-2s2p 1P° transition. We add 2s3p !P° to improve the polarisability
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further. Likewise, the main contribution to the polarisability of 2s2p 3 P° comes from 
2s2p 3 P°-2p2 3 P. We add 2s3d 3D to supplement this. The polarisability makes a large 
contribution to the quantum defect of Rydberg states, for example 2 s2 (1 S)n/, 2 s2 p(3 P°)n/ 
or 2s2p(1P°)nL The outer valence electron distorts the 2s2 *S core which then lowers 
the energy of the Rydberg state below hydrogenic, giving a positive quantum defect.
All of the target states were represented as configuration interaction expansions in 
terms of seven orthogonal basis and pseudo Slater-type orbitals [16] : Is, 2s, 2p, 3s, 3p, 
3d and 4 /. The nine target eigenstates, detailed in table 3.1, are represented as a linear 
sum of configurations formed from these orbitals, giving eleven configurations. Using 
this target gives calculated energy level separations from the ground state that agree on 
average to within 0.5% of the experimental C2+ energy level values given by Moore [57].
3.1 .2  Inner region  R -m atrix  runs for C +
As detailed in chapter 2, STG1 is run first. This reads the target wavefunctions described 
in the previous section and evaluates all the basis functions and radial integrals between 
all target and basis orbitals, needed in the later calculations. At this point the radius 
used to separate the inner and outer region is determined. This radius is carried forward 
to the subsequent inner region codes, and is also used in the outer region when generating 
oscillator strengths and photoionisation cross-sections. The output of STG1 then passes 
through to STG2.
STG2 is the second program of the inner region suite to be run. It calculates LS- 
coupling matrix elements in the inner region, solving the target (N-electron) problem, 
and then setting up the (N+l)-electron Hamiltonian and dipole matrices for use in STG3.
As the C+ calculations are performed in LS-coupling, STGJK is not used and we 
proceed onto STG3. STG3 reads the output from STG 2 , diagonalising the (N + l)- 
electron Hamiltonian and processing the dipole matrices. At this stage we use STG3’s 
facility to adjust the target energies, feeding in the experimentally determined values for 
the threshold energies to correct for inaccuracies in the calculated values. Experimental 
values are taken from Moore [57]. These energies are applied to the diagonal elements 
of the Hamiltonian before diagonalising, and are also used in the outer region codes. 




3.1 .3  B ou n d  sta te  energies for C+
The calculated energy levels of the bound states are determined at this point for use 
in the outer region calculations. These values are also im portant when we attem pt the 
second stage of the work and solve the capture-cascade problem for C+ . To determine 
the energies, we first scan for the roots of det[B] =  0 (section 2.7), to obtain first 
approximations to the eigenvalues, E q. This scan is completed over a range of energy 
values, lying in the effective quantum number range supplied to the program (taken to 
be between 2 . 5  and 15.5 for the C+ runs). The step in effective quantum number, 8v, 
is set to a small enough value to prevent more than one bound state being found in a 
particular interval, i/* < v < Vi +  5v. An inspection for repeated roots was carried out 
by eye to check this was not the case. The codes were run with a 8v of 0.01.
Once initial values for the energies are established in this scan and written to a file, 
they can then used as estimates in the eigenvalue equation. This begins an iterative 
process to find improved values for the bound state energies. The process is assumed to 
have converged on a final energy when A E  < 3  x 10~ 4 Ryd. In this process, effective 
quantum numbers for the states are also produced. These can be used to aid the identi­
fication of the bound states, a task which becomes increasingly difficult as one increases 
the state energy. They also gave a strong indication of how some states were perturbed. 
Table 3.2 shows a comparison with experiment and other published calculations for the 
first thirteen bound states of C+ .
Table 3.2: C+ Bound State Energy Comparison
C+ State This Work E xperim ent W. and B .6 L. and P.c L. et al.d
2 s2 2 p 2po 0.0000 0.0000 0.0000 0 .0000 0.0000
2 s2 p2 2d 0 . 6 8 8 8 0.6828 0.6885 0.6917 0.6954
2 s2 p2 2S 0.8947 0.8789 0.8892 0.9011 0.9004
2 s2 p2 2P 1.0230 1.0080 1.0228 1.0284 1.0426
2s23s 2S 1.0640 1.0616 1.0627 1.0679 1.0706
2s2 3p 2po 1.1994 1 . 2 0 0 0 1.1991 1.2060 1.2104
2s2 3d 2d 1.3252 1.3260 1.3269 - 1.3532
2 p3 2 D° 1.3754 1.3707 1.3833 1.4006 -
2s24s 2S 1.4314 1.4324 1.4310 - -




C+ State This Work Experiment® W. and B .6 L. and P.c L. et al.d
2s2 4p 2 p  o 1.4796 1.4806 1.4801 -
2s2 4d 2D 1.5304 1.5317 1.5298 -
2 p3 2 po 1.5427 1.5373 1.5476 1.5785
2s2 4f 2 po 1.5379 1.5395 1.5364 -
References : a. Moore 1970 [57], b. Wilson and Bell 2002 [108]
c. Luo and Pradhan 1990 [53], d. Lennon et al. 1985 [45]
The state identification and bound state energies, along with a comparison with 
experimental energies from Moore [57], where available, are given in tables 3.3 to 3.9. 
The final energy level files produced were saved and used not only in the outer region 
calculations, but also to provide energies and indexing information in the level population 
code. This file groups the states by S L tt, ordering by energy within these groupings.
Storey [92] noted that the dominant contribution to the recombination coefficient of 
the 2 s2 p2 2D state comes from the 2s2p(3 P°)3d 2 F° and 2s2p(3 P°)3d 2 P° resonances, 
and that the 2s2p2 2D state is the dominant contributor to dielectronic recombination for 
the whole ion. This effect is particularly im portant at low tem perature, when the mean 
electron energy lies close to threshold. The accurate positioning of these resonances is 
im portant, as a small inaccuracy in resonance location can lead to a very large error in 
the total recombination coefficient of the ion at low temperatures. The experimentally 
determined positions of the 2 F° and 2 P° resonances are 3301 cm - 1  and 5523 cm - 1  above 
the 2 s2 (1S) threshold [57]. Davey et al. [28] give theoretical positions of 3778 cm - 1  
and 6172 cm-1 . The values derived in this work are 3492 cm - 1  and 5903 cm-1 , a 
significant improvement over Davey et al. due to the improved target used. Davey 
et al. treated this problem effectively by moving their theoretical resonance positions 
to experimental energies from Moore [57]. As this work targets the high tem perature 
dielectronic problem and is concerned with effective recombination coefficients for lines 












2 s2 p2 2.11370 -0.89531 -0.91287
2s23s 2.34724 -0.72601 -0.73021
2s24s 3.33995 -0.35858 -0.35934
2s25s 4.34232 -0.21214 -0.21249
2 s 2 6 s 5.34226 -0.14016 -0.14035
2s27s 6.34072 -0.09949 -0.09962
2 s 2 8 s 7.33769 -0.07429 -
2s29s 8.33240 -0.05761 -
2 s2 1 0 s 9.32253 -0.04602 -
2 s 2 1 1 s 10.29996 -0.03770 -
2 s2 1 2 s 11.21836 -0.03178 -
2s2p3p 11.83911 -0.02854 -
2s213s 12.48830 -0.02565 -
2s214s 13.41614 -0 . 0 2 2 2 2 -
2s215s 14.39508 -0.01930 -
Table 3.4: C+ 2P Bound State Energies
Effective Calculated Experimental
Configuration Quantum Number Energy (Ryd) Energy (Ryd)
2 s2 p2 1.79301 -0.76698 -0.78384
2s2p3p 2.56006 -0.13310 -0.13331
Table 3.5: C+ 2 P° Bound State Energies
Effective Calculated Experimental
Configuration Quantum Number Energy (Ryd) Energy (Ryd)
2 s2 p2 1.49489 -1.78996 -1.79184
2s2 3p 2.60243 -0.59061 -0.59174











2s2 4p 3.59010 -0.31035 -0.31114
2 p3 4.02215 -0.24725 -0.25446
2s2 5p 4.57529 -0.19108 -0.19477
2s2p3s 4.89043 -0.16725 -0.17203
2 s2 6 p 5.67217 -0.12433 -0.12459
2s2 7p 6.65695 -0.09026 -0.09039
2 s2 8 p 7.65199 -0.06831 -
2s2 9p 8.64948 -0.05347 -
2 s2 1 0 p 9.64796 -0.04297 -
2 s2l lp 10.64694 -0.03529 -
2 s2 1 2 p 11.64620 -0.02949 -
2s213p 12.64565 -0.02501 -
2s214p 13.64522 -0.02148 -
2s215p 14.64488 -0.01865 -








2 s2 p2 1.90593 -1.10115 -1.10937
2s2 3d 2.93368 -0.46477 -0.46581
2s2 4d 3.92542 -0.25959 -0.26009
2s2 5d 4.91841 -0.16535 -0.16558
2 s2 6 d 5.90865 -0.11457 -0.11473
2s2 7d 6.87557 -0.08461 -
2s2p3p 7.48985 -0.07130 -0.07348
2 s2 8 d 7.99823 -0.06253 -
2s2 9d 8.95225 -0.04991 -
2 s2 1 0 d 9.94235 -0.04047 -











2 s2l ld 10.93811 -0.03343 -
2 s2 1 2 d 11.93575 -0.02808 -
2s213d 12.93426 -0.02391 -
2s214d 13.93324 -0.02060 -
2s215d 14.93250 -0.01794 -
Table 3.7: C+ 2 D° Bound State Energies
Effective Calculated Experimental
Configuration Quantum Number Energy (Ryd) Energy (Ryd)
2 p3 2.11792 -0.41452 -0.42104








2s2 4f 3.98321 -0.25211 -0.25231
2s2 5f 4.98022 -0.16127 -0.16138
2 s2 6 f 5.97849 -0.11191 -0.11207
2s2 7f 6.97735 -0.08216 -0.08223
2 s2 8 f 7.97656 -0.06287 -
2s2 9f 8.97599 -0.04965 -
2 s2 1 0 f 9.97557 -0.04020 -
2 s2I l f 10.97525 -0.03321 -
2 s2 1 2 f 11.97500 -0.02789 -
2s213f 12.97480 -0.02376 -
2s214f 13.97465 -0.02048 -
2s215f 14.97452 -0.01784 -
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2s2 5g 4.99722 -0.16018 -0.16031
2 s2 6 g 5.99601 -0.11126 -0.11132
2s2 7g 6.99540 -0.08174 -0.08177
2 s2 8 g 7.99504 -0.06258 -0.06261
2s2 9g 8.99481 -0.04944 -
2 s2 1 0 g 9.99466 -0.04004 -
2 s2l lg 10.99455 -0.03309 -
2 s2 1 2 g 11.99447 -0.02780 -
2s213g 12.99440 -0.02369 -
2s214g 13.99435 -0.02042 -
2s215g 14.99431 -0.01779 -
3 .1 .4  O uter region  R -m atrix  runs for C 2+ +  e
The free state code, STGF was used to determine solutions in the outer region, using 
quantum defect methods to determine resonance positions and widths throughout the 
energy range of interest.
STGF can be setup to generate energy meshes with different properties depending 
on the desired resolution in the final photoionisation cross-sections. These meshes de­
pend on the form of the mesh used when scanning the scattering m atrix for resonances. 
Mesh types range from straightforward fixed step energy meshes, through quantum de­
fect meshes to targeted ’resonance hunting’ meshes, using a very fine mesh to cover 
predetermined resonance positions. These meshes balance the desire for efficient use of 
computer time with the need for high accuracy and good resonance resolution.
In this C+ work we used three types of mesh, covering different energy regions in 
the photoionisation cross-sections. We applied the most accurate type of mesh to the 
region above the 2s2 (1 S) limit and up to l / n ^ ax below the 2s2p(3 P) threshold, where 
rimax is the highest principal quantum number below which the R-matrix treatm ent is 
performed. This region contains the major contributions to recombination onto states 
at the energies this work aims to treat.
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Below the 2s2p(3P°) threshold : Adaptive quantum defect energy mesh
In this region, we used a two stage process to map any resonances with an adaptive 
energy mesh [94]. To generate the final mesh, we first locate resonance positions in an 
initial STGF run. The initial mesh in this region had a fixed energy step, small enough 
to determine resonance positions and widths using the method described in section 2.9.2 
in the energy region of interest. This method uses matrices tha t vary slowly with energy, 
meaning a coarse mesh is adequate. A value of ~  1 x 10- 3  Z-scaled Rydbergs was used 
as the step size. Once this stage is completed successfully and we were satisfied with 
the resonance detection, the resonance positions and widths were written to a file and 
saved.
STGF calculates bound-continuum amplitudes and thus the widths for resonances 
which come out of this process correspond to autoionisation probabilities. We assume 
that the radiative rates of these transitions are very much smaller than the autoioni­
sation rates and that in effect the population of a state can be obtained from its local 
thermodynamic equilibrium (LTE) value.
W ith the search for resonances complete using the fixed energy mesh, the next stage 
was to feed the saved resonance positions and widths into RESMESH [94], an auxiliary 
program used in conjunction with the publicly available RmaX suite of codes. RESMESH 
allows the user to generate an energy mesh that targets the resonances in a photoion­
isation cross-section with a much smaller energy step size than would be possible with 
the other meshes available.
RESMESH requires the initial S L n , the maximum step size h, the energy range and 
the error index, P.  This final variable sets a limit on the integration error to ensure 
the maximum fractional error on the integration is smaller than 10~p . The process 
begins with RESMESH reading all the resonance positions and widths. From these it 
selects those resonances appropriate for the initial S L n  and those tha t lie within the 
target energy range. RESMESH then searches through the list of resonance positions 
and widths and finds the nearest resonance, in units of the width, 7 . The program 
assumes a Lorentzian profile for the resonance, given by
F (x ,7 ) =  ( x - x o ) *  + (%)2 (3,1)
where x  is the displacement from the resonance centre, x q . Using the step length previ­
ously read in at the start, h, RESMESH then generates mesh points such tha t they can
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be integrated using a 3-point Simpson’s rule. The error on this function is given by,
A ~ ^ /(4)(e) =  1 0 ~ P  (3-2)
where f^4\ e )  is the 4 th  derivative of the function at the maximum value of the cross- 
section of the 3  points under consideration, h is given in terms of the derivative and the 
maximum allowed error by,
5 _  90 x 1 0 - p 
k -  /«>(e)  (3’3)
where P  is the error index mentioned above.
RESMESH now begins an iterative process where the error on the integration is
calculated using 3.2. The energy mesh step length is then adjusted and the error on
the integration recalculated from the derivative at the new positions of the three points 
targeted. RESMESH continues this process until the error on the integration is lower 
than the maximum established at the start. This gives a step length for the next two 
points, based on a particular resonance. RESMESH repeats this process for all of the 
resonances, calculating a step length based on their positions and then takes the smallest 
mesh step length as the step length between the next two points in the final energy mesh.
W ith the entire energy range now mapped, we run STGF again to generate final 
state radial wavefunctions at each energy point on the mesh created in RESMESH. The 
assumption of the Lorentzian profile mentioned above is good for isolated resonances 
with little background, a reasonable approximation in this region.
One inherent problem in this method of mesh generation is tha t of interlopers, reso­
nances converging on the 2s2p(1P°) target state. In the region below a threshold, STGF 
cannot determine the position and widths of resonances tha t come from the higher 
thresholds, these having been eliminated by the use of contracted matrices. Below the 
2s2p(3 P°) threshold there were two resonances from the 2s2p(1P°)3p 2D and 2S states. 
The method does allow one to include the resonances from higher thresholds into the 
initial resonance file generated by the fixed energy mesh run of STGF, described at the 
start of this section. By calculating the expected position of a resonance manually and 
then estimating the width, a crude approximation of the necessary mesh to map these 
resonances can be made. Then by repeatedly altering the input file to RESMESH, a 
suitable resonance position and width can be found to map the interloping resonances 
in the final energy mesh.




Above the 2s2p(3P°) threshold : Fixed quantum defect energy mesh
In the region above the 2s2p(3 P°) threshold, a quantum defect mesh was used. The 
2s2p(1P°)n/ (n< 15) resonances are im portant contributors to recombination at high 
temperatures, but do not require an adaptive quantum mesh as they are far broader than 
the 2 s2 p(3 P°)n/ resonances. Accuracy is still a concern though, so a step in effective 
quantum number was chosen that put 1 0 0 0  points between integer quantum numbers, 
relative to the next threshold. This resolves the features in this region well on inspection.
3.1 .5  P h o to io n isa tio n  cross-sections for C +
Figure 3.5 and 3.6 show the complete set of 2S photoionisation cross-sections compared 
to Opacity Project data where available. This shows the good agreement with Opacity 
Project data and also the improvement in resonance resolution in this work. Davey et al. 
[28] covered a region of 0.435 Rydbergs above threshold in their photoionisation cross- 
sections. We present photoionisation cross-sections that cover a region of 1.663 Rydbergs 
above threshold, allowing us to cover the larger range of energies the subsequent capture- 
cascade calculations required to treat electron temperatures up to 50000K.
Of note are the large resonances present in many of the cross-sections. These can be 
attributed to Photoexcitation-of-core (PEC) resonances (Yan and Seaton [110]), which 
are found at photon energies associated with strong dipole transitions in the core ion 
and are present in the cross-sections for the entire Rydberg series of bound levels. They 
are another im portant source of recombination, having widths and heights orders of 
magnitude larger than individual resonances. In the cross-sections presented here, the 




Figure 3.1: 2s2p2 2S Photoionisation cross-section with OP cross-section (dotted line), illustrat­
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Figure 3.2: 2s23s 2S Photoionisation cross-section with OP cross-section (dotted line), illustrating 
the improvement in resolution and change in resonance position in the adaptive quantum mesh 
region.
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Figure 3.3: 2 s2 p2 2S Photoionisation cross-section with OP cross-section (dotted line), illustrat­
ing the improvement in resolution and change in resonance position within a region previously 
covered by Gailitis averaging.






1.3451.335 1.34 1.35 1.355
Photon Energy (Ryd)
Figure 3.4: 2 s2 p2 2S Photoionisation cross-section with OP cross-section (dotted line), illustrat­
ing the improvement in resolution and change in resonance position in the region immediately 


























Figure 3.5: 2S Photoionisation cross-sections with OP cross-sections (dashed line) for n < 10










































Figure 3.6: 2S Photoionisation cross-sections (2 s2 10s with OP cross-section (dashed line)) for 
10 < n < 15




































In this chapter, we have presented the methods and approximations used to generate 
state energies and photoionisation cross-sections for the C+ ion, using the R-matrix 
methods described in the previous chapter. This work has extended and improved the 
methods of Davey et al. [28], more than doubling the energy range covered when treating 
the photoionisation of C+ and improving the C2+ target, using additional target states 
to improve the polarisability. The increased energy range is of particular importance as 
we now consider the importance of high temperature dielectronic recombination in the 
capture-cascade problem of this ion.
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C II level populations
4.1 Introduction
Photoionisation is the primary excitation process for ions in the ground state in a low 
density astrophysical plasma, with its inverse being radiative recombination. In the case 
of C+ (and 0 +) this involves electrons recombining with a doubly charged ion. Di­
electronic recombination to high Rydberg states becomes an im portant process at tem ­
peratures above around 20000K. The capture of an electron by radiative recombination 
gives rise to an ion in an excited state, Capture via dielectronic recombination
gives an ion in a doubly excited state, Population will be quickly followed by
depopulation, by means of radiative decay to any allowed state of lower energy, A'(n_ 1)+ ,
+  hv  Radiative Recombination (4.1)
^ * ^ - 1)+ X ( n - 1)+ +  kv  Dielectronic Recombination (4.2)
This radiative cascading continues until the atom lies in the ground state or a meta­
stable level. In regions of low density (<104 cm~3), such as planetary nebulae, the effects 
of collisional processes may be neglected at low n, although they are im portant as they 
impose a Maxwellian energy distribution on the recombining free electrons.
Collisional processes become more im portant for regions of higher densities. Above 
~ 1 0 5 cm~3, these processes become the dominant populating and depopulating mecha­
nisms. These processes include collisional ionisation and three body recombination. It 
also includes the redistribution of energy and angular momentum by collisional processes,
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characterised by,
Xj-„_l)+ + P -  *(„-,)+ + P (4-3)
where is a state for which the total angular momentum changes, or n and the
angular momentum change. P is a charged perturber. Rates were evaluated for collisions 
with electrons, protons and helium nuclei with respective fractional ratios 1.0, 0.833 and 
0.0833, in the course of calculating departure coefficients.
The approximations used in the evaluation of rates for the radiative and collisional 
processes and the evaluation of the equilibrium population of a state, for a given tem ­
perature and density, are detailed in this chapter.
4.2 Equilibrium level population equations : general for­
mulation
If we consider the equilibrium equation for a state a ,
Na R *<X' -  N <*'R <*'<* = N eN+Ya (4.4)
a'^a a'^a
where R aa> is the rate coefficient for all processes between the states a  and a ',  and Ya is 
the direct recombination coefficient onto state a. In all our calculations, we only solve 
the problem fully up to some state, a:o, so,
N a ^ 2  R aa' ~ ^ 2  N aiRaia -  ^ 2  N a' R aia = N eN+Ya (4.5)
a'^a a'^a,a' <a o a/^a,a>ao
In hydrogenic calculations, using the codes RECION and HBNL (see below), we can
obtain N ai(a' > cko) ,  s o  the third term of 4.5 is known. Therefore,
-N a  ^   ^ Rata1 4“ ^   ^ N aiR Q>a =  — N eN+Ya — ^   ^ N ai R aa>
a'^a a'^a,a'<ao a'>ao
= - N eN+Ya (4.6)
This can be written as a matrix equation of finite dimensions,
R N  =  ~ N eN + Y' (4.7)
The term multiplying N a is the diagonal element R aa , hence




In practice we use departure coefficients, 6 a , defined by,
N a = NeN + S ( T )e X ° i ^ b ,  
2 9+
(4.9)
Substituting in 4.6 and dividing through by N eN +S(T)eXa we get,
S ( T ) ex°ga (4.10)
This again is a m atrix equation,





In the following chapters, I describe treatm ents for C II and O n, in each case detailing 
the application of this general formulation. The assorted methods used to obtain various 
types of atomic data  required are detailed.
4.3 Dielectronic recombination
Seaton and Storey [84] detail the theory of dielectronic recombination as part of a review 
of atomic processes. Excitation of two electrons in an atom X  can give a state X** with 
an excitation energy A E(X**)  which is higher than the lowest ionisation energy of X , 
denoted by I{X) .  The process in which X ** undergoes a radiationless transition to the 
continuum.
is known as autoionisation [8 6 ], The inverse process in which radiationless capture,
X ** X+ 4- e~ (4.15)
X + + e~ -> X** (4.16)
is followed by emission of radiation to give a stable singly-excited state X *
X** -¥ X* + hv (4.17)
was first referred to as dielectronic recombination by Massey and Bates [54].
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At low temperature, the dielectronic process would not give a systematic increase in 
recombination. Seaton [80] suggests that resonances in the electron/ion system would 
lead to a redistribution of oscillator strength, but would not lead to a systematic in­
crease of the oscillator strength in the energy range contributing to the recombination 
coefficient. Burgess [19] showed that this is not valid at high temperatures, for which 
one must consider complete Rydberg series of resonance states.
We want to apply dielectronic recombination to a scheme where,
where 5 C, L c is the parent term, S L  refers to the total spin and orbital angular momentum 
quantum numbers.
We want to add dielectronic capture and autoionisation to the equilibrium equations. 
In general, there will be multiple continua accessible from a particular state a. This is 
illustrated in figure 4.1,
Figure 4.1: Schematic of dielectronic recombination. Here, a represents the autoionising state 
from which dielectronic recombination can take place, S cL c  and S'CL'C are the upper and lower 
Parent states respectively, shows the recombination/autoionising process and Tr shows the 
cascade of the electron into a bound state.
a = ScL cs lSL (4.18)
T J S J  ■ ■ ■ —  ■  -----* -cx
/ / / / /
JLL
s '
The total autoionisation probability from state a  is then,
rA(a) =  rA ( S cL cs l S L )  =  £  r A ( S cL cs l S L  -> S'cL'cs l ' S L )  (4.19)
s w
while the total capture rate will be





Note, that in thermal equilibrium, all processes and their inverses must be in equi­
librium, in other words,
N $(a ) r A{ScL cs lSL  -> S'cL'csl'SL)
= N eN+{S'cL ’c)ac(ScL cs lSL  -> S'cL'csl 'SL)  (4.21)
where N s(a) and N+(S'CL'C) refer to thermal equilibrium values for state a  and ion state 
S'CL'C respectively.
Out of local thermodynamic equilibrium, the population N (a)  is determined by
lV(a)[P4(a) +  r Ji(a)]
=  JVe £  N +(S'cL'c)ac(ScL cs lSL  -> S'cL'csl 'SL)
S'e L'J>
= N e ' £  N +( S ' M ^ 4 ^ j r , r c(ScL cs lSL  -* S ’X s l ' S L )  (4.22)
S'L'l' JVeiVs {bcL c)
where VR(a) is the total radiative decay probability from state a  (induced radiative and 
collisional processes are neglected).
From this, we obtain,
Zs<cL'c E i- r A (ScLcs lS L  S'cL'cSl'S L )
N (°)  = K M  ------------------------
N ( a )  v  N , ( a )  v  r A ( S cL cs l S L  -> S'cL'cs l ' S L )  N + ( S ' CL ’C) 
N e N +  £ x , ' N e N ? ( S ' cL'c) Z [f  ^ ( a J  +  T ^ a )  N +  1
This gives the population N(a)  of an autoionising state in terms of the Saha populations,
N,(a)  =  u(a)  (  h? \ 3 / 2
N eN+(S'cL'c) 2u(S'cL'c) \ 2 n m k T j  v ’
and the recombining ion state fractional populations N+ (S'CL'C)/ N +.
In the case of C2+ +  e“ , we are interested in the dielectronic recombination from 
states (1P°)n/(2 L) to the principal series (1 S)n/(2 L/). Under nebular conditions, only 
the C2 (1S) state has any significant population, so N+^ + ^  = 1.
Also,
T A ( a )  = r j4 [(1 P °)n /2 L] -  ] T  r^4 [(1 P 0 )n /2L {l S)kl,2L'} (4.25)
v
and
r ^ ^ P 0) ^ 2!,] =  r i?[C2+ (1P° - + 1 S)] (4.26)




2u;(1S) \2 i rm kT (4.27)
The rate of recombination to state (l S)nl is then
^ 2  N ( a ) r R [(1P ° ) n l 2L  -> ( 1S ) k l ,2L'}
L
N eN +. u { a )  (  h 2 
2cj(1S) \27rm k T  
rA[(1P° ) n l 2L  -> { l S ) k l ' 2L ' ] r R [{l P ° ) n l 2L  -> (1S ) k l ,2L '}
r A( a ) + T R{a) (4.28)
N eN + a d[(l S)nl] (4.29)
which defines the recombination coefficient Q'd[(1S)n/].
AUTOSTRUCTURE [30] calculates the values of T '4  and required in the evalua­
tion of the recombination coefficients, ad . In AUTOSTRUCTURE, A ^’s are calculated 
by diagonalising the target Hamiltonian, H , to obtain bound-free solutions, and applying 
the relation given by Cowan [27],
where b,f are bound and free state solutions, and I}{/h = 2.06707x 1016 s - 1  (Badnell [4]). 
The output from AUTOSTRUCTURE is in the form of recombination cross-sections, 
(jrf, rather than coefficients, ad, related by,
(4.30)
(4.31)
where f ( v ) is the Maxwell-Boltzmann velocity distribution given by,
f{v)  = 4 tt (V — .-  ) \27rmkT J
o   m v
v e 2kT (4.32)
Therefore,
/  m  \ 3/ 2 f
\27t m k T /  J (4.33)
or in terms of kinetic energy, E  =
(4.34)
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Now, in the vicinity of an autoionising state, the cross-section Od{E) is sharply peaked 
around E a. We can put Od{E) = odf { E ), where f  f ( E ) d E  = 1.
Combining 4.28 and 4.34 gives,
4 1 _  E n
a d =  r  3-adE ae kt (4.35)
(27rm)  2 (k T ) 2
AUTOSTRUCTURE calculates ad in units of Mb Ryd, in which case,
1.5487E -  2 _ _  ^  3 _ x , .
ad = ----- j*/2----- °dE(x(Ryd)e ^  cm s 1 (4.36)
The calculated total dielectronic recombination can now be included in the total 
radiative recombination coefficient onto a particular state in the subsequent population 
calculations, which I will describe in the rest of this chapter.
4.4 C 11 radiative transition rates
In section 4.8, I will describe the solution of the level population problem for C+ . This 
process is based on the methods of Davey et al. [28], with a number of im portant 
improvements, including the treatm ent of high tem perature dielectronic recombination, 
discussed in the previous section. The method involves dividing the levels of C+ into re­
gions depending on the approximations used. I present the approximations and methods 
used in the following sections.
Radiative transition probabilities are required between all states, n  < num, where 
niim is the variable limit of n  for which population solutions are obtained for all L. The 
total radiative decay rate for each state, n < nnm, was calculated and used directly in the 
solution of the level population equations and indirectly, as a cut-off in the calculation 
of collisional rates.
Radiative transition probabilities were obtained using three approximations, depen­
dent on the region of calculation. These approximations are;
• rates derived from C+ oscillator strengths calculated using the RmaX suite of codes
• Coulombic and hydrogenic rates
4.4 .1  C 11 R -m a trix  tran sition  prob ab ilities
Calculations initially made use of the C+ photoionisation cross-sections and oscillator 
strengths calculated in the course of the work of Davey et al. [28]. These were then re­
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placed by the photoionisation cross-sections discussed in chapter 3 following the changes 
to the C2+ target in the calculation of photoionisation cross-sections in this work.
Berrington et al. [16] discuss the close-coupling methods used here to calculate 
oscillator strengths, / ,  for all transitions between states of C+ having principal quantum 
numbers, n < 15 and total orbital angular momenta, L < 4, a total of 72 states. STGBB 
is used to calculate the oscillator strengths, part of the RmaX suite of codes, from the 
D and B datasets produced by running the preceding RmaX codes (2.10).
For a transition a —> 6 , the dimensionless absorption oscillator strength f{b,a)  is 
given by Seaton [83],
f(h \ (Eb — E a)S(b’, a)
/ ( M  =  --------37a  (4'37)
where
S(b;a) =  |(6 ||i? ||a ) | 2 (4.38)
The dipole operator D  is given by,
D = e ' Y ^ r n (4.39)
Tl
where rn is the radial coordinate of an ionic electron and the sum is over all electrons 
in an ion. The RmaX codes generate g f  values given by,
gf(a,  b) =  / ( 6 , a) x ga (4.40)
In the case of absorption, Eb > E a, and the g f  values are tabulated with b taken to be
of even parity and a to be of odd parity. For Eb < E a, the quantity tabulated is negative
and the g f  values for the emission process b —> a is given by
gf{a,b) = -g f {b ,a )  (4.41)
Spontaneous emission, b —> a, has a probability given by,
3 ~2
A(b -> a) = x g f  (a, b) x r 0_ 1  (4.42)
*9b
where a = e2/(hc), v is the photon energy in Rydbergs and Tq 1 = h3/ m e A.
The / l and f y  values are, respectively, the oscillator strengths calculated using the
length and velocity operators. All transition probabilities were calculated using g f i  
values, calculated using the length operator.
Where the energy, A E 0bs of a transition is known from experiment, the RmaX value 
9f  R m a X  is corrected according to
9fcorr — 9f  R m a X  (4.43)
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where A E cai is the calculated transition energy. This correction removes any error in 
the value of g f  due to errors in the calculated transition energy. Transition probabilities 
are then calculated from (4.42) using experimental energies where available.
4.4 .2  C oulom b approxim ation
Using a Coulomb approximation for the radial transition integrals, based on Van Rege- 
morter et al. [103] and Bates and Damgaard [10], we generate transition probabilities, 
i/, i/' > 16;£ < 3 and for transitions from states, v' > 16 —» v  > 6 ;Z/ < 3. Solutions to 
the radial integrals
/oo P.lP .’l' (4.44)
are generated between all states of XS parentage where quantum  defect data  is available. 
In the Coulomb approximation, the radial wave functions are solutions of
d  -  ^  + ;  -  3 0  p "‘{r) = 0 (4-45>
The slow variation of discussed by Bates and Damgaard [10] and Burgess and 
Seaton [22], for fixed values of A v  =  u' — allows one of the quantum numbers
to be chosen to be an integer. The results can be obtained accurately by interpolating 
different calculations for the same value of Av.
One of the functions can be expanded using the asymptotic expansions of the W hit­
taker function, given by Bates and Damgaard [10]
p,l =  K„, ( - )  (4.46)
'  v  '  t= 0
the other being taken to be Pn//', the hydrogenic form. The radial integral has the form
ryv'l' _ f ______ r(n 7 + V + 1)______ V
vl y ’ v r i  {2V -f i)! V r >  -f i +  i ) r ( ^  -  i ) r ( n '  -  v ) )
with
J  exp - r  -I- r v+V+2 _^ n / +  p _j_ ^  21' +  2 , dr
(  n 'v  \ u+l'+‘i - t 
I >  + ;' +  3 - « ) ( — )
x 2 - i^ ( ~ ti' +  I' 1, v +  I1 +  3 — t\ 21' +  2; —-------^ (4.48)
\  n’ + v )
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Application of (4.48) reduces to the repeated calculation of the hypergeometric poly­
nomial
P (  n s , . <*Px  | a(a  + l)P(f3 + l ) x 2
C) =  1 +  Y I T  + ----------------  ¥  +  " '  ( 9)
where a  is a negative integer. For ( - a ) <  15, the direct calculation of F(a,fi-, 7 ; x) 
using (4 .4 9 ) is difficult due to the addition of terms of opposite sign tha t are large in 
comparison to the function itself. However F(a,  /?; 7 ; x) may be calculated easily using 
the following recurrence relation.
(a -  7 )F{a -  l,/3',r,x) +  [ 7  ~ a -  P + (p -  a ) ( l  -  a;)]
F ( a , p \ 7 \x) +  a ( l  -  x )F (a  4- 1,^0;7 ; a;) =  0 (4.50)
Knowledge of two initial values of the function, jF(0, /?; 7 ; x) = 1 and F ( —l,/9; 7 ; x) = 
1 — ((3/7 )x, means that F(a,  /?; 7 ; x) can be calculated for arbitrary negative integer 
values of a  by repeated application of (4.50).
W ith regard to the summation over t in (4.46), an analogous procedure is used to
determine F ( —n' -F V +  1, v -f /' +  3 — t\ 21' +  2; 2z//(n' -F v)). For t = 0 and t = 1 the
function is calculated using relation (4.49); for 2  < t < to, the function is evaluated using
( 7  -  P )F(a , p  — 1; 7 ; x) +  (2/3 - 7  -  fix + ax)
F(a, /3' ,r,x) + P(x -  l ) F (a ,P  +  1; 7 ; a:) =  0 (4.51)
In summary,
F(Q,P]r,x)  = - i
F ( - l , P \ 7 \ x )  =  1 -  ( P h ) x  (4.52)
have to be calculated for t = 0 and t =  1 . All other values of F ( a , P \ 7 \x) may be
deduced from (4.52) using (4.50) and (4.51).
Bates and Damgaard [10] detail the interpolation process. Let c = u' — u > 0 with
n' < 1/  < n' +  l(n ' being an integer) and uc = n' -  c. In order to calculate the radial
integral R f f , and -R"c+ jj must first be calculated using (4.47). Since the variation 
of
rr^Tlf
V C +  l yl  +
3 ( 2 ,2 u "1
- vc(yc - 1> ) 2 (4.53)2 ' " v' c '>
with vc (or n') is very slow for a fixed value of c, linear interpolation is sufficient to 
determine and
*Z7 =  ; -  F F K ?  (4.54)
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where /> =  max(/,Z').
Bates and Damgaard [10] also give the expression for the spontaneous transition 
probability, A, in terms of the line strength S,
Evaluation of A  depends on the evaluation of S. It can be shown tha t
S  =  y:(M )yr{C)Rl' J 2 (4.56)
where T { M )  is a factor depending on the particular multiplet of the transition array, 
T(C)  is a factor depending on the particular line of the multiplet and is the derived 
solution to the radial integral.
4 .4 .3  H y d ro g e n ic  a p p ro x im a tio n
Brocklehurst [18] details the evaluation of hydrogenic spontaneous transition probabili­
ties, Ani^ n>i',
647r4i>3 T f°°
Anl.n'V =  2 2 3 / ^ 3  e a o J  R(n' l ' )rR(nl)dr (4.57)
where
H2
do — — o (4.58)m ez
and where
* = c R z2  ( ^ 2) <4-59)
is the frequency of the transition n'l' —> nl and R(nl)  is the normalised radial wavefunc-
tion. Substituting for v in (4.57) and rearranging gives
A ni,n'i' — 2.6774 x 109 Z 4 an/)n/j/ (4.60)
where
=  ( t j  -  ^ 2 )  (2l + l ) M n 'l' ' n l^ 2 (4-61)
and
roo
p{n ' l ' ,n l)=  /  R{n'l ')rR(nl)dr  (4.62)
Jo
To compute the radial integrals, we use a direct recursion method detailed by Storey 
and Hummer [97]. Hydrogenic transition probabilities were calculated for all states with 
1,1'>4.
71
4.5 Collisional transition rates
4.5 Collisional transition rates
In treating collisions, collisional transition rates were required between all states, n < 
num. Rates are evaluated for energy and angular momentum changing collisions and for 
collisional ionisation and three body recombination. We also take into account collisions 
which result in de/population of states for which n > num. Energy changing collision 
rates are divided into two regions which are evaluated separately; collisions for which 
|n ' — n| =  1, and collisions for which \n' — n| > 1.
4.5.1 A ngular m om en tum  changing co llisions
A collision rate for the redistribution of angular momentum, Ciy,  is defined as
C(l,l ') = j  Q(l, l ' )vf(v)dv  (4.63)
where f ( v )  is the Maxwellian velocity distribution and Q (/,/7) is the collision cross- 
section. From detailed balance considerations,
giC(l,l') = gv C ( l \ l )  (4.64)
where g is the statistical weight of the state.
We use two approximations to evaluate the collision cross-sections. For transitions 
up to and including I =  4, the semi-classical impact param eter method of Seaton [80] is 
used.
The cross-section for excitation by a particle of charge Z  and velocity v is given by
roc
P m iR ^ ix R id R i  (4.65)
Jo
where Ri is the impact parameter of the state I and is the classical distance of closest 
approach and Pw{Ri) is the probability that the I —> I' transition occurs.
The assumptions made in the Born approximation, will be valid at all energies for 
Ri »  r Q, where ra is comparable with atomic energies but will overestimate the low 
energy contributions from small impact parameters Ri < ra .
The impact parameter approximation considers only optically allowed transitions for 
which the cross-sections will come from quite large impact parameters. In this region 
the Born approximation is valid and so a cut-off is introduced into (4.65) to obtain
r 00
Q i ( l J f) =  Pv,l(Rl)2'KRldRl (4.66)
J r0
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It is possible to simplify the expressions for Pm(Ri) as Ri becomes large, corresponding to 
the Bethe approximation [78]. Simpler expressions are obtained using the semi-classical 
impact parameter method. The two methods are in good agreement at high energies. At 
lower energies, the semi-classical theory will be in error due to its large departures from 
the reciprocity condition, Pm{Ri) =  Pu>(Ri>). A symmetrised semi-classical expression 
is used which gives good agreement with the Bethe approximation. We therefore use 
two parameters in the calculation Q{l,V) in the impact param eter approximation.
In equation (4.65), Pin is evaluated using the symmetrised semi-classical theory and 
R q is taken to be independent of energy and agrees with the Bethe approximation in the 
limit of high energies. For R  > Rq
is the line strength of the optically allowed transition and
5E  is the energy difference between the initial and final states. £(/?) is tabulated in 
Seaton [80]. In the case where Ri > Rq, the values of Pin(Ri) should be fairly accurate 
assuming the coupling is weak. A necessary condition is tha t Pm < 1. In the regime of 
stronger coupling, the Pm, calculated assuming weak coupling, are taken to be adequate, 
so long as they give Pm < \  [79]. When the coupling is strong, a value of R\  =  Ri is 
used so that the weak coupling theory gives Pm(R\)  =
For Ri < R\,  Pm is taken as an oscillatory function with a mean value of ^ and the 
cross-section is given by,
Both cross-sections, given by (4.65) and (4.70) are calculated, the smaller of the two 
being used in the calculation of the collision rate.
For degenerate states, 6E = 0 and the integral in (4.66) varies as i ? _ 1  and is divergent. 
This would give an infinite value for the cross-section. The method of Pengelly and 
Seaton [69] is used, introducing an upper limit in the impact parameter to obtain finite 
cross-sections. In the degenerate case and in cases where SE  is very small, it is a
4 Z 2e2 S
(4.67)
where
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reasonable approximation to ignore the contribution from R > r v  where r  is the radiative 
lifetime. This gives
8irZ2e2S  . . . . .
Qi ^  —  ln(W # i)  (4-71)
and at large impact parameters,
R7tZ 2p2 <7
Ql = ^ ^ H R c / R l )  (4-72)
where it is assumed that R c R \ . The procedures detailed below are used to determine 
the cut-off, R c.
If the initial and final states have an energy difference tha t is wide compared to the 
line widths, h/r ,
1 - 1 2  hr  x
Rc -  (4-73)
For A E  -C H/t , the collisional process could be interrupted by the target electron
radiating. In this case, the cut-off is taken to be,
R c = 0.72 vr  (4.74)
In an ionised gas, the particle positions are not entirely uncorrelated. The electrons
tend to cluster around positive ions and the effective range of the Coulomb field of the 





In practice, all cut-offs were evaluated and the smallest expression for R c was adopted. 
At very low densities, the cut-off will be determined by the radiative lifetime of the 
excited states. At higher densities, it will be determined by the Debye radius.
For small impact parameters, R\ < R  < R c,
4 Z 2e2S
= 3 s i ? ?  (4-76)
The conservation condition is P(R)  <C 1. R\  is defined by
4 Z 2e2S  1 ,
3h2R 2v2 ~  2  ^ '7T)
If R\  is large compared to atomic dimensions, this is valid. For R  < Ri,  P{R)  will be 
an oscillatory function with a mean value close to Taking P(R)  = \  for R  < Ri,
Q = n R l (4.78)
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where
-  * * * 1  (4 79)
3ft2 v2 ( ’
The lifetime of each state is calculated in the evaluation of the radiative transition 
probabilities to lower states and passed to the routines tha t calculate collisional rate 
coefficients. The impact parameter method is used for collisions involving states for 
which quantum defect data exists. Otherwise the method of Pengelly and Seaton [69] is 
used.
4.5 .2  E nergy changing collisions: A n  =  1
In the case of transitions where n -> n i l ,  the energy differences will be small and 
the largest contribution to the collisional cross-sections will be from impact parameters 
R  > R\.  This situation makes the impact parameter approximation most suitable in the 
calculation. The collisional cross-sections generated are very accurate in this case and 
this approximation was used for all /.
The codes used to generate rates using the impact param eter approximation, did so 
only for transitions / —> I T  1. In the case of angular momentum changing collisions, the 
principle of detailed balance was used to obtain the reverse rates. For energy changing 
collisions, the rates were calculated for / -» I +  1 and n —> n  +  1 and the reverse rates 
were again obtained from detailed balance. The contribution of cross-rates was shown 
by Davey et al. [28] to be negligible.
4.5 .3  E nergy changing collisions: A n  >  1
In the case of collisions with \n' — n| > 1, electron impact rates are calculated from 
semi-empirical cross-sections using the methods detailed by Percival and Richards [72]. 
They give the cross-section in the form,
Z 2E a(n  n')
 f - 5  L = A D L  + F G H  (4.80)n 4 7raQ
where E  is the incident electron energy per Rydberg, and Z  is the effective charge. 
A D L  is the high energy term, E  > 2 Z / n , and contains quantal effects, in particular the 
logarithmic dependence of the cross-section on energy. The factor A  is proportional to 
the optical oscillator strength which scales as Z -2 , but A  itself is unchanged. The factor 
D  is simply a cut-off, which removes the quantal energy terms, which will be negligible 
in the region where the cross-section is an increasing function of energy and where the 
dominant contribution to the rate arises.
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The function L  has the form
L(E)  =  In 1 +  ( E / E r f (4.81)
1 +  (E /  E 2 )
and E \ , E 2 are chosen to ensure the cross-section has the correct form in the high energy 
region, A, which is E  > 1 and in the intermediate region, Z?, where 2Z / n  < E  < 1.
The second term, FGH has no logarithmic dependence on energy and is a classical 
term. The factor F  is related to the charge, through the cut-off factor D, and remains 
unchanged in form. The factors G and H  come from Percival [71] and from the density 
of states correspondence principle. The de-excitation rates are given by detailed balance 
arguments. In Percival and Richards [72], the condition tha t the range of quantum 
number are limited such that,
s = n' — n > 0, n ', n > 5
This limit of n, n' extends down to include n > 3 levels in this work.
(4.82)
4.5 .4  C ollisional ion isation
We use the binary encounter method [21] to determine collisional ionisation and three 






E 2I  +  _____ 1
e2 3 e3 7 \ { E  + U - e ) 2 3 {E +  U -  e) 3
1 ( \  1
E  +  U V e +  E  +  U -  e (4.83)
where E 2 is the initial kinetic energy of the target electron, U — In is the binding energy 
of the target electron and a focusing factor to allow for the effect of the ion field has 
been incorporated. Cross-sections for energy transfers in the range e\ < e < 62 are given 
by,
Q(E)  =  J ‘2 ^ - (e )de  (4.84)
The ionisation cross-section is obtained from equations (4.83) and (4.84), by putting 




J_ _  l \  2U 
U E ) ^ ~ 3” IP-
_ 1 _  
E 2
ln (E /U )  
E  + U (4.85)
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The ionisation coefficient is then given by,
87r2 e4 /  m  \§  I"exp{—U/kT)  / 5  2 U \
7(n,c) _  m 2 V2txkTJ [ U /k T  \ 3  3 k T J
(4.86)
This expression was used to generate collisional ionisation and three body recombination 
coefficients for all states based on their principal quantum  number. Where available, 
quantum defect data is used in this calculation.
4.6 Equilibrium level population equations
In radiative equilibrium, an excited state, n l , will be populated by radiative recombi­
nation, dielectronic recombination (as detailed in section (4.3)), and radiative cascade 
from higher levels, and depopulated by radiative decay to lower levels. The radiative 
population rate is given by
oo
N eN +(a'nl + a dnl) + £  £  Nn'V An'V-nl (4.87)
n ' = n + 1 l '= l±  1
where N e and N + are the electron and ion densities respectively, a |^ , is the total radia­
tive recombination coefficient to the state, a ^ ,  is the to tal dielectronic recombination 
coefficient to the state, is the spontaneous radiative transition probability from
the higher state and JVnq/ is the higher sta te’s population. The rate of depopulation due 
to radiative cascade, is given by
n '—n —l
N ni E  E  A-nl-,n'l' (4.88)
Tt —71771177, V— 1
Equating (4.87) and (4.88), a radiative equilibrium equation is given by
n ' —n —1 oo
^ nl X /  X /  A ni,n'V = N eN +(arnl +  a ^ )  +  ^  N n>L'Ann>]ni (4.89)
n '^ r im in  l '= l±  1 n '= n + 1 l’= l±  1
In a region of relatively high density, the population of a state will be affected by 
collisional processes. The collisional population rate is given by,
  oo
N + N l a 3n i  +  E  N n l 'C l ' l  “I" 'y   ^ N n > l'C n 'l '\n l  4" ^  ^ ^ n ' , l + \ C n ' \ n l $ n n '  (4.90)
l '= H  1 n '= n d z l ,1'—Idzl n ' —rimin
1 \n' -  n\ > 2
Onn' — \
0  \n' — n\ < 2
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where C m is a /-changing collision rate (An =  0), C n>.ni is an energy changing collision 
rate (An =  1 and is the three body recombination coefficient. C n>]n is an energy 
changing collision rate (An > 2) which is independent of /. For equilibrium purposes, 
these collisions are assumed to be to / -f 1 for n> and to / -  1 for n < . Similarly, the rate 
of collisional depopulation is given by,
N ni | ^ C u i  +  ^   ^ ~b ^   ^ C n l  ;n '^n n '  "b C L  ] (4.91)
\ l '= l±  1 n '= n ± l , '= J ± l  n'—rimin J
where is the collisional ionisation rate. Equating (4.90) and (4.91) the density 
dependent collisional equilibrium equation is written,
N nl |  X^ ClV + X^ Cnl\riV + X^ ^ nl ;n' $nn' +  < ? ',) =  N+Nea 3nl y'=/±l n '= n ± l,'= l± l n'=nmin J
oo
+  J 2  N n l 'C l ' l +  J 2  N n 'l> C n 'L '- n l+  ^  N n ' ,1+1 C n ' ]nl&nn' (4.92)
l '—l±  1 n '= n + l, l '= l+ l  n '= n m in
Combining equations (4.89) and (4.92) the population of a state accounting for both 
radiative and collisional processes is given,
/  n ' —n —l  oo
N nl E E A nl-,n'V + ^ 2  Cll' + ^ 2  Cn/;n'P + E Cnl\n' &nn' + Cnl
Xjl'—Tlmin l'= l+1 I'—l+ l n'—n + l , '= l+ l n'^rimin
oo
^ e ^ + ( « n /  +  a n l)  +  X /  X /  b  /V+ JVe a J j  +  X ^  ^ n l 'C m
n '= n + l  l '= l+ l  l '= l+ 1
oo
~b ^   ^ Nnll,Cn'l'-)nlA' ^   ^ ^n',1+l^n'\nl^nn' (4.93)
n '= n ± l , / /= / ± l  n'=nmin
We can rewrite the true population in terms of the local thermodynamic equilibrium 
population, N*t.
N nl = N snlbni (4.94)
Here, bni is a dimensionless parameter which measures the departure of the state, from 
its local thermodynamic equilibrium population, obtained from the Saha equation.
J S s _ = Ss L (  h2 y
N eN+ 2 g+ \ 2 tt m k T )  1 ;
where gni is a statistical weight given by, gni = (25 +  1 )(2 / -I-1 ), and Xn is the ionisation 
energy of the state. Writing 5(T) =  2.0706470 x 10~1 6T ~ 3/ 2, the Saha equation becomes,
4.7 Evaluation of the asym ptotic sums
Using equations (4.94) and (4.96) and writing
^  = nE  E  (497>
T\J — 72.jY iin  I — / i l
the equilibrium equation (4.93) can be rewritten,
/  oo
~ - S ( T ) e Xnbnl i A„t + X  Cu> + X  C nl\n'V +  X  Cnl\n'&nri + C'n/
\  Z'=Z±1 n '= n ± l , '= Z ± l  n ' = n min
^ oo
=  a n/a nJ +  a nZ +  W—  ( X  X  9n'l>S(T)eX^ b n>l>A n>l>.nl
9 + n '= n + lZ '= Z ± l
4-  X  9n i ' S {T )e Xnbni>Ci'i +  X  9 r i i ' S { T ) e Xn'bnn'Cnn>-ni 
v - l ±  1 n '= n ± l;Z '= Z ± l
oo
+ E  an'i'S(T)e^ 'b n,,,Cn:.ni6nnl) (4.98)
Tl* = Tlmin
Dividing by — and substituting for,
/V =  3' _  2 g + a n i d rpexp  _  9 n lC Xn / . g gx
n/ 9n i S ( T ) e X n  ’ ni P n i5 ( T ) e X n  ’ ^  2 ^ +  ( ‘9 9 )
then
/  oo
^rai I “^ nZ ”b  ^  y C u 1 4" ^   ^ C n l\n 'l ' 4“ ^   ^ ^ 'n l ; n l ^ n n ' 4“ C n l
\  Z'=Z±1 n /= n ± l / = Z ± l  n '—rimin
OO y eXP
=  « n Z + a nZ+ X  X  T ?xpn l bri'l,A n'V>nl
n '—n + l  l '= l±  1
+ e S 6- c- + £
P=Z±1 n '^ n r t l j Z '^ r b l
oo rpexp
~l~ X  T ^Pnl  ^n'l> ^ n> ;n^ nn' (4.100)
ti1 —n m in
and the value of the departure coefficient for the state can be obtained. Re-inserting 
bni into (4.94) gives the true population, which includes the effects of radiative cascade. 
The T ^ f p functions are tem perature dependent, so for each value of the temperature, 
the functions are calculated for all states and stored.
4.7 Evaluation of the asym ptotic sums
Equation (4.100) contains asymptotic sums over incoming transition probabilities and 
both incoming and outgoing collisional rates for which A n > 1. We can write the
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asymptotic sum J 3 n/=n+i f ( n ') as>
OO 1 poo
E  / ( n ') =  +  !) +  /  f ( n ')dn ' <4101). * Jn+1n'=n+l
The function f (n ')  can be defined as,
f (n ')  = gn>i'eXn'h{n'l ';nl) (4.102)
where h(n'V\nl)  is some transition probability, gn>i> is a statistical weight and x is the
ionisation energy. Using gn>i> = 2(21' +  1)
oo -oo
f (n ')  — (21' +  l)eXn+1fi(n +  1,/; nl) +  /  gnn'eXn'h(n'l ' \nl)dn'  (4.103)
^  . Jn+ln'—n+l
If we equate I  to the integral part,
p oo
I  = 2(21' +  1) /  ex*'h(ril ' \nl)dri  (4.104)7 n+1
Now setting I  to be an integral over the energy variable e, where
'3
e = ,0 , de —  jTzdn' and dn' — ——de (4.105)
n 1 n 6 2
then we obtain,
r°
I  = —(21'+ 1) / n 3eXn'h(n' l ' \nl)de  (4.106)
J  f-n +  i
Changing the limits to -1 to +1, in other word making,
2e 2 €u = ---------- 1, then du = -------de and de = nohl du (4.107)
1 ^n+ 1  2
Therefore, we now have,
(2V +  1 ) ' - 1
/  =  - ■ en+\ n 3eXn'h(n ' l , \nl)du  (4.108)
2
This formulation is suitable for evaluation using Gauss-Laguerre quadrature. The asymp­
totic sum is given by
f (n ')  = (21' +  l )eXn+1h(n  +  1 , nl)
n'—n+l
+   —  f n 3eXn' h(n'l'  \nl)du (4.109)
2  7 - i
This form is used in the evaluation of radiative decays from states above num onto a 
lower state. Since the main contribution will come from the first few states, the first ten 
are assumed directly and the asymptotic sum evaluated for the rest.
Similarly Gauss-Laguerre quadrature is used for evaluating both outward and inward 
asymptotic collision integrals. In these cases the first fifty terms are evaluated directly 
and the remainder obtained by integration.
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4.8 Solving the equilibrium level population equations for 
C ii
We can now use the processes detailed throughout this chapter to solve the C II equilib­
rium level population problem, using the general formulation of the population problem 
(see section 4.2) for a = C +(1S)nl.  We divide this problem into three regions depending 
on the approximations used.
4.8.1 H ydrogen ic so lu tion s : R E C IO N  and H B N L
In the region where n < nnm, the derived populations will depend to a certain extent 
on the treatment of radiative decays on to the lower states from states above and 
the collisional de/population to and from states above nnm.
We therefore needed to determine populations for the states above num. Initial so­
lutions to states, n < num and final solutions to states above n^m were made using 
hydrogenic bni values. These were generated by solving the level population problem 
for the hydrogenic case using separate codes [95], RECION (n-resolved) and HBNL (nl- 
resolved). These codes are based on Hummer and Storey [41], who gave definitive results 
for hydrogenic ions. All radiative and collisional processes are included, giving hydro­
genic bni (departure coefficient) values at a range tem peratures and densities matching 
those in the final calculations. For states up to a given principal quantum  number, bni 
values were obtained for each value of J, at that value of n. Above this and up to n = 500, 
the population was assumed to be fully collisionally redistributed and bni =  bn. Above 
n = 500, bn was taken to be one. Hydrogenic bni values will only exist for states of JS 
parentage. For states of other parents, an initial value of 0 was assumed, as they would 
have negligible populations at nebular densities.
4.8 .2  T h e R -m a tr ix  s ta te  region
In the R-matrix state region, an energy ordered list is generated including all states 
up to nnm. A data file containing detailed information on the parent states and their 
experimental energies, the experimental energies of equivalent electron states, and low- 
lying Rydberg states along with quantum defect data, determined using experimental 
energies from Moore [57], is read into the cascade calculation. For series where quantum 
defect data is available, the quantum defects of higher series members were extrapolated
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in the region I < 4. For states L  > 5 where quantum  defects were not available, 
hydrogenic (degenerate) energies were used. Related to the energy ordered index, was a 
cross reference to the R-matrix indices for C+ . This enabled data calculated using the 
RmaX suite of codes, such as weighted oscillator strengths to be easily incorporated into 
the program. Use was made of both the existing R-m atrix data  of Davey et al. [28] and 
subsequently, data recalculated using the RmaX suite of programs.
4 .8 .3  S olu tion s in th e  R -m atrix  sta te  region
In the R-matrix state region, solutions for &*, where i is the state index, were obtained 
for all states simultaneously. We arrange the equilibrium equation in matrix form (4.11), 
where TV(i,j)  contains the sum of all outgoing rates and Y 11 (i) the sum of all incoming 
rates. We invert the matrix, which gives values for b{. The bi are substituted for the 
previous values and the process of solving the level population equation repeated.
4.9 C II effective recombination coefficients
W ith the level populations now derived, the bni values can be used to calculate effective 
recombination coefficients. Effective recombination coefficients are useful for theoretical 
comparisons and for evaluating the effective flux in a given wavelength. These results 
are directly comparable to the observations of objects like planetary nebulae and H II 
regions, as effective flux in a line is the quantity obtained from observations.
The effective recombination coefficient, (A), may be calculated for a given line 
of wavelength A, by the relation,
(dhr)2 ^  c m 3  S _ 1  (4' 110)
where A \  is the transition probability and g+ is the statistical weight of the ion. The 
effective flux in a line is then given by
F(X) = N eN +a ^ f  (X)^-  erg cm - 3  s - 1  (4-111)
4.10 Results
In this section, I present the results of the calculations described above for C n. Wave­
lengths are given for all transitions calculated during this work. I then give tables of
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case A and case B effective recombination coefficients, covering the electron tem perature 
range from 5000K to 50000K at a density of 104 cm - 3  .
4.10.1 C II w avelengths (A ) for tran sition s in th e  R m aX  sta te  region
In table 4.1 I present wavelengths for all RmaX state perm itted transitions, up to and 
including I = 3 states for states with XS parentage. The wavelengths are presented in 
order of decreasing principal quantum number. For states up to n =  7, the wavelengths 
should be accurate since the experimental values of Moore [57] are used in an identical 
manner to that of Davey et al. [28]. Above n =  7, the energy values calculated in STGB 
of the R-matrix calculations are used. Wavelengths below 2000A are given in vacuo. 
Wavelengths above 2 0 0 0 A are air wavelengths.
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Table 4.1: C II wavelengths (^4) for transitions with the upper level in the range n  =  3 —» 15, 
I < 4 all with *S parentage (includes / =  5 —)■ 4 hydrogenic result).
ni 0 -* 1 1 -»• 0 1 2 2 1 2 -> 3 3 —> 2 3 —> 4 4 -> 3 Hyd
15 14 417936.77 255006.12 466301.76 257049.45 358205.70 329390.21 352264.00 338558.30 344209.13
15 13 159544.05 130196.12 173225.15 128775.42 156491.18 150055.24 155718.18 152621.77 154123.86
15 12 89426.60 69371.31 96641.67 78864.66 91517.87 88976.82 91425.11 90180.78 90873.20
15 11 57000.41 47815.40 61630.59 52517.34 59670.45 58421.15 59732.65 59099.13 59496.57
15 10 38491.71 33281.47 41763.40 36393.79 40933.10 40264.48 41030.43 40663.44 40918.90
15 9 26668.12 23383.06 29144.04 25643.95 28732.46 28406.10 28829.74 28599.33 28774.63
15 8 18588.89 16373.78 20763.86 18085.41 20277.77 20386.54 20348.38 20211.37 20320.91
15 7 12816.03 11251.58 13811.53 12574.68 14171.22 13643.56 14249.58 14138.76 14236.11
15 6 8653.18 7486.39 9482.24 8542.47 9687.12 9402.77 9745.82 9671.94 9739.52
15 5 5192.23 4700.08 6200.72 5152.17 6351.36 6166.64 6394.47 6344.83 6391.75
15 4 3121.74 2674.15 3773.38 3107.22 3887.24 3760.73 - 3884.79 -
15 3 1591.99 1280.72 2037.34 1588.20 - 2033.64 - - -
15 2 514.26 - - 513.86 - - - - -
14 13 326474.73 218752.49 375447.28 206613.08 288629.93 265809.01 284111.51 273091.45 277691.47
14 12 125352.28 88449.89 138156.67 102517.23 124979.13 119950.54 124443.10 121974.00 123195.56
14 11 69740.37 56165.83 76240.64 62050.76 72289.74 70348.35 72258.78 71274.03 71836.38
14 10 43908.21 37123.10 47996.01 40730.34 46501.65 45592.00 46576.53 46079.24 46400.67
14 9 29160.37 25216.45 32048.21 27723.82 31369.25 30958.22 31462.09 31176.46 31381.74
14 8 19766.46 17252.11 22196.94 19095.75 21556.56 21668.54 21625.43 21465.34 21587.45
14 7 13364.98 11659.49 14431.28 13054.94 14784.14 14206.05 14864.28 14741.18 14846.32
14 6 8899.99 7664.81 9770.31 8761.43 9969.66 9666.55 10029.49 9950.10 10021.31
14 5 5280.09 4769.79 6322.63 5231.01 6471.61 6279.01 6515.38 6463.36 6511.93
14 4 3153.29 2696.57 3818.18 3135.72 3931.96 3802.23 - 3928.91 -
Table 4.1: continued
n u m 0 -+  1 1 -> 0 1 ->• 2 2 -> 1 2 —> 3 3 -> 2 3 —>4 4 —» 3 Hyd
14 3 1600.15 1285.84 2050.33 1595.61 - 2045.72 - - -
14 2 515.10 - - 514.63 - - - - -
13 12 237063.93 134577.15 297353.17 163234.44 228674.07 211045.05 225359.38 216666.36 220341.73
13 11 94521.08 71791.30 108210.94 80079.84 97991.93 94192.73 97649.53 95718.72 96695.41
13 10 52588.58 43360.90 58962.58 47793.33 55939.95 54539.81 55954.72 55191.69 55640.12
13 9 32750.51 27947.40 36592.73 30824.47 35398.16 34839.38 35478.81 35097.07 35352.07
13 8 21353.15 18488.13 24285.94 20517.29 23385.64 23500.98 23450.29 23253.85 23394.85
13 7 14071.99 12211.22 15286.14 13704.06 15622.14 14971.39 15704.28 15563.21 15679.40
13 6 9208.07 7899.45 10154.78 9049.10 10343.83 10014.91 10405.02 10317.96 10394.09
13 5 5387.02 4859.62 6481.43 5332.22 6627.23 6424.16 6671.80 6616.60 6667.31
13 4 3191.12 2725.05 3875.52 3171.81 3988.87 3854.97 - 3985.01 -
13 3 1609.83 1292.28 2066.75 1604.90 - 2060.89 - - -
13 2 516.10 - - 515.60 - - - - -
12 11 260065.19 110929.06 231122.14 126376.44 177611.93 164478.05 175315.17 168599.36 171483.32
12 10 81426.10 55103.23 83019.14 61166.75 75178.68 72471.45 74991.18 73515.30 74281.18
12 9 42017.84 32397.05 44616.30 35884.62 42237.97 41379.67 42284.82 41707.77 42058.15
12 8 24939.51 20335.84 27577.38 22642.52 26187.19 26305.60 26242.10 25982.41 26154.62
12 7 15545.16 12990.83 16527.76 14620.66 16824.52 16062.35 16908.97 16739.76 16872.60
12 6 9816.83 8218.51 10688.19 9439.88 10857.61 10491.60 10920.52 10822.24 10905.34
12 5 5589.82 4978.52 6694.68 5465.54 6834.43 6617.02 6880.05 6820.40 6874.02
12 4 3261.21 2762.04 3950.77 3218.51 4063.01 3923.60 - 4058.05 -
12 3 1627.47 1300.54 2087.96 1616.77 - 2080.35 - - -
12 2 517.90 - - 516.81 - - - - -
11 10 172935.80 84843.72 175931.33 95506.00 134708.48 125523.26 133279.75 128217.23 130431.93
11 9 57800.69 40806.96 62297.71 45477.52 56188.69 54541.77 56125.35 55026.69 55614.01
Table 4.1: continued
nu m 0 1 1 -4 0 1 -»  2 2 -> 1 2 —► 3 3 —> 2 3 —» 4 4 —>3 Hyd
11 8 29763.29 23357.46 33444.57 26118.87 30951.70 31072.47 30983.91 30595.80 30827.44
11 7 17292.03 14161.10 18469.65 15995.35 18671.06 17722.49 18758.80 18540.95 18701.33
11 6 10485.78 8671.89 11467.91 9994.47 11597.82 11175.37 11663.32 11547.49 11641.08
11 5 5800.53 5141.35 6992.47 5646.97 7120.49 6882.62 7167.65 7101.49 7159.24
11 4 3331.83 2811.44 4052.63 3280.58 4162.42 4015.48 - 4155.92 -
11 3 1644.86 1311.38 2116.08 1632.28 - 2105.90 - - -
11 2 519.65 - - 518.39 - - - - -
10 9 122431.31 62228.77 131301.31 70076.17 99221.35 93780.66 98562.27 94857.66 96513.70
10 8 40873.97 29089.23 46588.92 32714.17 40667.43 40797.28 40644.76 39914.84 40292.08
10 7 20535.10 16082.32 21878.50 18248.36 21814.95 20511.10 21912.08 21596.52 21809.17
10 6 11596.32 9356.35 12696.17 10829.94 12738.14 12223.29 12809.44 12663.35 12774.20
10 5 6125.01 5374.46 7430.80 5904.32 7534.60 7266.27 7584.70 7508.38 7572.33
10 4 3436.40 2879.74 4196.08 3365.82 4300.60 4143.11 - 4292.04 -
10 3 1669.94 1326.05 2154.54 1653.10 - 2140.49 - - -
10 2 522.13 - - 520.47 - - - - -
9 8 85133.89 43747.13 100543.00 49505.27 70314.69 70732.85 70275.64 67846.80 68870.07
9 7 27794.88 19738.76 29249.49 22506.54 28191.09 26055.01 28358.19 27785.87 28126.55
9 6 13602.67 10486.48 14870.87 12199.79 14676.43 13998.29 14772.43 14565.85 14709.32
9 5 6642.51 5729.12 8126.34 €289.33 8173.07 7858.65 8232.45 8138.66 8212.81
9 4 3593.47 2978.55 4409.20 3487.52 4501.31 4329.18 - 4490.85 -
9 3 1706.17 1346.61 2209.38 1681.92 - 2189.10 - - -
9 2 525.62 - - 523.29 - - - - -
8 7 56591.16 29100.12 55893.96 32697.63 46245.04 41895.15 48188.24 46442.59 47268.44
8 6 18113.42 12648.11 19627.88 14679.90 18420.22 17566.66 18803.20 18451.48 18661.50
8 5 7562.11 6319.15 9366.90 6889.38 9216.20 8870.20 9349.36 9224.02 9314.19
Table 4.1: continued
nu 71; 0 -4  1 1 - 4 0 1 -4  2 2 -4  1 2 -4  3 3 —» 2 3 - 4 4 4 - 4  3 Hyd
8 4 3846.53 3130.52 4750.58 3664.51 4800.56 4619.39 - 4802.68 -
8 3 1761.16 1376.82 2291.92 1722.01 - 2260.94 - - -
8 2 530.72 - - 527.11 - - - - -
7 6 36490.25 18237.69 37430.37 22790.63 33282.84 28030.37 31316.54 30154.38 30688.20
7 5 9575.34 7461.73 12117.23 8270.75 11867.76 10930.58 11667.42 11444.39 11579.09
7 4 4307.18 3387.51 5368.59 4021.81 5432.84 5122.21 - 5342.36 -
7 3 1851.81 1424.33 2426.70 1797.01 - 2375.06 - - -
7 2 538.67 - - 533.93 - - - - -
6 5 16740.40 10364.86 22227.17 11382.91 19529.37 17000.39 18852.11 18198.85 18516.37
6 4 5334.17 3881.02 6723.54 4638.51 6622.14 6151.44 - 6461.94 -
6 3 2018.23 1504.76 2669.93 1910.47 - 2574.84 - - -
6 2 551.96 - - 543.52 - - - - -
5 4 9234.94 5536.12 13946.90 6258.82 10504.49 9229.63 - 9903.43 -
5 3 2402.19 1701.98 3361.28 2137.74 - 2992.63 - - -
5 2 577.18 - - 560.52 - - - - -
4 3 3920.11 2173.94 5890.37 2747.02 - 4267.18 - - -
4 2 636.36 - - 595.12 - - - - -
3 2 858.76 _ . 687.48 - - - - -
4.10 Results
4 .10 .2  C II effective recom bination coefficients
In tables 4.2 and 4.3, I present effective recombination coefficients for transitions with 
n ,n '  < 8  and 1,1' < 5 for a typical nebular density of 104 cm-3 . The tem perature range 
covered is from 5000K to 50000K. I have selected transitions with coefficients larger 
than 10~ 15 (x lO 12 cm3 s_1) at at least one sampled tem perature. The application of 
these recombination coefficients is im portant in the analysis of a number of astronomical 
sources, including planetary nebulae and H II regions, as dem onstrated by the wide use 
of work like that on N n by Kisielius et al. [43] in papers like Zhang et al. [113]. In 
table 4.2, I present case A calculations, assuming the transitions to the ground state 
are allowed. In table 4.3, I present case B calculations, assuming the transitions to the 
ground state are not allowed.
Table 4.2: C II effective recombination coefficients ( x l0 12cm3s *) for low state transitions 
(nUiTii < 8 ) at an electron density of 104 cm “ 3 under case A.
Transition a ( A ) 5000 1 0 0 0 0 15000
Temperature (K) 
20000 25000 30000 35000 40000 45000 50000
2s2 8d(2 De) -  2s2 2p(2P°) 527.1 0.01185 0.00791 0.00686 0.00932 0.01650 0.02765 0.03975 0.05300 0.06507 0.07341
2s2p3p(2 De) -  2s2 2p(2 P°) 530.6 0.05628 0.04256 0.03793 0.03880 0.04318 0.04927 0.05570 0.06168 0.06677 0.07079
2s2 7d(2 De) -  2s2 2p(2 P°) 533.9 0.04186 0.02798 0.02370 0.03131 0.05490 0.09195 0.13216 0.17639 0.21668 0.24413
2s26d(2 De) -  2s2 2p(2 P°) 543.5 0.06287 0.04044 0.03379 0.04694 0.08699 0.14977 0.21768 0.29259 0.36077 0.40691
2s2p3p(2 P e) -  2s2 2p(2 P°) 549.8 0.02519 0.02795 0.02597 0.02493 0.02513 0.02607 0.02730 0.02856 0.02969 0.03064
2s2 6s(2 Se) -  2s2 2p(2 P°) 552.0 0.00134 0 . 0 0 1 1 0 0.00114 0.00185 0.00333 0.00530 0.00741 0.00941 0.01116 0.01263
2s2 5d(2 De) -  2s2 2p(2 P°) 560.5 0.11669 0.07349 0.06119 0.08660 0.16234 0.28009 0.40814 0.54803 0.67556 0.76430
2s2 5s(2 Se) -  2s2 2p(2 P°) 577.2 0.00244 0 . 0 0 2 0 0 0.00213 0.00344 0.00593 0.00906 0.01231 0.01534 0.01795 0 . 0 2 0 1 1
2s2 4d(2 De) -  2s2 2p(2P°) 595.1 0.26749 0.16063 0.13328 0.19832 0.38285 0.66499 0.97611 1.30883 1.61344 1.83958
2s2 4s(2 Se) -  2s2 2p(2 P°) 636.4 0.00912 0.00726 0.00818 0.01262 0.01976 0.02816 0.03659 0.04434 0.05102 0.05650
2s2 3d(2 De) -  2s2 2p(2P°) 687.5 0.98781 0.53065 0.44965 0.73970 1.49331 2.61933 3.89774 5.21897 6.44157 7.45467
2s2 3s(2 Se) -  2s2 2p(2 P°) 858.8 0.22978 0.25116 0.27711 0.30475 0.35454 0.42756 0.51215 0.59948 0.68070 0.74963
2s2 8f(2 F°) -  2s2p2 (2 De) 871.2 0.00537 0.00311 0.00255 0.00429 0.00921 0.01674 0.02554 0.03450 0.04286 0.05018
2s2 7f(2 F°) -  2s2p2 (2 De) 887.6 0.00791 0.00451 0.00366 0.00606 0.01292 0.02341 0.03568 0.04818 0.05985 0.07007
2s2p2 (2 Pe) -  2s2 2p(2 P°) 904.1 0.27322 0.26324 0.25152 0.26691 0.30033 0.34199 0.38455 0.42452 0.45944 0.48793
2s2 6f(2 F°) -  2s2p2 (2 De) 914.1 0 . 0 1 2 1 0 0.00674 0.00539 0.00883 0.01872 0.03382 0.05145 0.06941 0.08615 0.10082
2s2 5f(2 F°) -  2s2p2 (2 De) 961.8 0.02013 0.01073 0.00843 0.01390 0.02956 0.05337 0.08113 0.10935 0.13563 0.15868
2s2p3p(2P°) — 2s2p2 (2 De) 973.2 0.00230 0.00179 0.00182 0.00241 0.00368 0.00550 0.00753 0.00961 0.01154 0.01314
2s2 5p(2 P°) -  2s2p2 (2 De) 996.9 0.00558 0.00442 0.00462 0.00671 0.01093 0.01661 0.02280 0.02887 0.03437 0.03907
2s2p2 (2 Se) -  2s2 2p(2 P°) 1036.8 0.80786 0.72896 0.62587 0.57462 0.56875 0.59548 0.63854 0.68919 0.73809 0.77840
2s2 4f(2 F°) -  2s2p2 (2 De) 1063.8 0.03583 0.01738 0.01341 0.02357 0.05202 0.09514 0.14544 0.19664 0.24443 0.28653
2p3 (2P°) — 2s2p2 (2 De) 1066.0 0.02883 0.02053 0.02109 0.03184 0.05374 0.08387 0.11661 0.15022 0.18109 0.20599
Table 4.2: continued
Transition a(A) 5000 1 0 0 0 0 15000
Temperature (K) 
20000 25000 30000 35000 40000 45000 50000
2s2 4p(2 P°) -  2s2p2 (2 De) 1142.3 0.04076 0.03050 0.03018 0.04096 0.06218 0.08984 0.11914 0.14750 0.17275 0.19355
2s2 6p(2 P°) -  2s2p2 (2 Se) 1156.7 0.00363 0.00273 0.00255 0.00334 0.00533 0.00821 0.01143 0.01463 0.01753 0 .0 2 0 0 1
2s2p3s(2 P°) -  2 s2 p2 (2 Se) 1231.6 0.01954 0.01516 0.01545 0.02042 0.03122 0.04663 0.06379 0.08148 0.09786 0.11140
2s2 5p(2 P°) — 2s2p2 (2 Se) 1269.8 0.00452 0.00359 0.00375 0.00544 0.00886 0.01347 0.01848 0.02340 0.02787 0.03167
2p3 (2 D°) -  2s2p2 (2 De) 1323.9 0.00353 0.00470 0.01014 0.02463 0.04903 0.08054 0.11533 0.15049 0.18383 0.21399
2s2p2 (2 De) -  2s2 2p(2 P°) 1335.3 6.87850 4.20337 2.99675 2.50002 2.40204 2.54055 2.78743 3.09465 3.40816 3.63115
2s2 8p(2 P°) -  2s2 3s(2 Se) 1376.8 0.00225 0.00169 0.00161 0.00240 0.00437 0.00725 0.01051 0.01378 0.01677 0.01934
2s2 7p(2 P°) -  2s2 3s{2 Se) 1424.3 0.00333 0.00253 0.00238 0.00332 0.00566 0.00904 0.01287 0.01666 0 . 0 2 0 1 2 0.02310
2s2p3s(2 P°) — 2s2p2 (2 Pe) 1491.8 0.00302 0.00235 0.00239 0.00316 0.00483 0.00721 0.00987 0.01261 0.01514 0.01723
2s2 6p{2 P°) -  2s2 3s(2 Se) 1504.8 0.00519 0.00391 0.00365 0.00478 0.00764 0.01175 0.01636 0.02094 0.02510 0.02864
2s2 5p(2 P°) -  2s2p2 (2 P e) 1548.2 0.00414 0.00328 0.00343 0.00498 0.00811 0.01233 0.01691 0.02142 0.02551 0.02899
2p3 (2 P°) -  2s2p2 (2 P e) 1721.5 0.00584 0.00416 0.00427 0.00645 0.01089 0.01700 0.02364 0.03045 0.03670 0.04175
2s2 3d(2 P e) -  2s2 3p(2 P°) 1760.0 0.00432 0.00327 0.00291 0.00298 0.00331 0.00378 0.00428 0.00473 0.00513 0.00543
2s2 3p(2 P°) -  2s2p2 (2 De) 1762.0 0.09031 0.07213 0.07862 0.09820 0.13273 0.17981 0.23175 0.28482 0.33360 0.37378
2s2 7d(2 De) -  2s2 3p(2P°) 1797.0 0.00318 0.00213 0.00180 0.00238 0.00417 0.00699 0.01005 0.01341 0.01648 0.01856
2s2 6d(2 De) -  2s2 3p(2 P°) 1910.5 0.00449 0.00288 0.00241 0.00335 0.00621 0.01069 0.01553 0.02087 0.02574 0.02903
2s2 4p(2 P°) -  2s2p2 (2 Pe) 1929.7 0.00303 0.00227 0.00225 0.00305 0.00463 0.00669 0.00887 0.01098 0.01286 0.01441
2s2p3p(2 Pe) -  2s2 3p(2 P°) 1989.9 0.00114 0.00127 0.00118 0.00113 0.00114 0.00118 0.00124 0.00129 0.00135 0.00139
2s2 5d(2 De) -  2s2 3p(2P°) 2137.7 0.00724 0.00456 0.00380 0.00538 0.01008 0.01739 0.02534 0.03403 0.04194 0.04745
2s2 4p(2 P°) -  2s2 3s(2 Se) 2173.9 0.00553 0.00414 0.00409 0.00556 0.00844 0.01219 0.01616 0 . 0 2 0 0 1 0.02344 0.02626
2s2 8f(2 F°) -  2s2 3d(2 De) 2260.9 0.01409 0.00817 0.00670 0.01125 0.02419 0.04395 0.06705 0.09059 0.11253 0.13177
2s2 7f(2 F°) -  2s2 3d{2 De) 2375.1 0.02485 0.01418 0.01150 0.01903 0.04060 0.07357 0 . 1 1 2 1 1 0.15140 0.18805 0.22016
2s2 5s(2 Se) -  2s2 3p{2 P°) 2402.2 0.00132 0.00108 0.00116 0.00187 0.00321 0.00492 0.00668 0.00832 0.00974 0.01090
2s2 7p(2 P°) -  2s2 3d(2 De) 2426.7 0.00178 0.00135 0.00128 0.00178 0.00303 0.00484 0.00689 0.00892 0.01077 0.01236
Table 4.2: continued
Transition A(A) 5000 1 0 0 0 0 15000
Temperature (K) 
20000 25000 30000 35000 40000 45000 50000
2s2 6f(2 F°) -  2s2 3d(2 De) 2574.8 0.04966 0.02767 0.02213 0.03624 0.07686 0.13884 0 .2 1 1 2 2 0.28495 0.35367 0.41389
2s2 6p(2 P°) -  2s2 3d(2 De) 2669.9 0.00313 0.00236 0 . 0 0 2 2 0 0.00288 0.00460 0.00708 0.00986 0.01262 0.01513 0.01726
2s2 4d(2 De) -  2s2 3p(2 P°) 2747.0 0.01073 0.00644 0.00535 0.00796 0.01536 0.02668 0.03916 0.05251 0.06473 0.07380
2s2 3p(2 P°) — 2s2p2 (2Se) 2840.9 0.08190 0.06541 0.07130 0.08905 0.12036 0.16305 0.21016 0.25827 0.30251 0.33894
2s2 5f(2 F°) -  2s2 3d(2 De) 2992.6 0.12825 0.06836 0.05373 0.08852 0.18828 0.34000 0.51680 0.69658 0.86400 1.01077
2s2p3p(2 P e) — 2p3 (2 D°) 3176.4 0.00140 0.00155 0.00144 0.00138 0.00140 0.00145 0.00152 0.00159 0.00165 0.00170
2s2 3d(2 P e) -  2s2 4p(2 P°) 3841.1 0.00253 0.00191 0.00170 0.00174 0.00194 0 . 0 0 2 2 1 0.00250 0.00277 0.00300 0.00318
2s24s(2 Se) -  2s2 3p(2 P°) 3920.1 0.00570 0.00454 0.00511 0.00789 0.01236 0.01761 0.02288 0.02772 0.03190 0.03532
2s2 4f(2 F°) -  2s2 3d(2 De) 4267.2 0.55315 0.26835 0.20706 0.36392 0.80301 1.46872 2.24513 3.03550 3.77323 4.42313
2s2 8f(2 F°) -  2s2 4d(2 De) 4619.4 0.00919 0.00533 0.00437 0.00734 0.01579 0.02868 0.04376 0.05912 0.07343 0.08599
2s2 8d(2 De) -  2p3 (2 P°) 4757.6 0.01175 0.00785 0.00680 0.00924 0.01636 0.02741 0.03941 0.05254 0.06451 0.07278
2s2 8g(2 Ge) -  2s2 4f(2 F°) 4802.7 0.01877 0.00969 0.00739 0.01225 0.02667 0.04888 0.07492 0.10155 0.12643 0.14825
2s2p3p(2 De) -  2p3 (2 P°) 5059.7 0.00390 0.00295 0.00263 0.00269 0.00299 0.00341 0.00386 0.00427 0.00462 0.00490
2s2 7f(2 F°) -  2s2 4d(2 De) 5122.2 0.01570 0.00896 0.00726 0 . 0 1 2 0 2 0.02564 0.04647 0.07081 0.09562 0.11877 0.13905
2s2 7g(2 Ge) -  2s2 4f(2 F°) 5342.4 0.03607 0.01821 0.01370 0.02240 0.04844 0.08851 0.13547 0.18339 0.22812 0.26745
2s2 7p{2 P°) -  2s2 4d(2 De) 5368.6 0.00165 0.00125 0.00118 0.00165 0.00281 0.00449 0.00638 0.00827 0.00998 0.01146
2s2 4p(2 P°) -  2s2 3d(2 De) 5890.4 0.00819 0.00613 0.00607 0.00823 0.01250 0.01806 0.02395 0.02965 0.03473 0.03891
2s2 6f(2 F°) -  2s2 4d(2 De) 6151.4 0.02964 0.01652 0.01321 0.02163 0.04588 0.08288 0.12608 0.17009 0 . 2 1 1 1 1 0.24706
2s2 6g{2 Ge) -  2s2 4f(2 F°) 6461.9 0.08734 0.04238 0.03141 0.05168 0.11234 0.20548 0.31457 0.42570 0.52941 0.62073
2s2 3p(2P°) -  2s2 3s(2 Se) 6579.5 0.07651 0.06111 0.06661 0.08320 0.11245 0.15233 0.19634 0.24129 0.28262 0.31666
2s2 6p(2 P°) -  2s24d(2 De) 6723.5 0.00323 0.00243 0.00227 0.00297 0.00475 0.00731 0.01018 0.01302 0.01561 0.01781
2s2 3d(2 De) -  2s2 3p(2 P°) 7234.7 0.01450 0.00779 0.00660 0.01085 0.02191 0.03844 0.05720 0.07659 0.09453 0.10939
2s2 8d(2 De) -  2s2p3s(2 P°) 8283.7 0.00434 0.00290 0.00251 0.00341 0.00604 0 . 0 1 0 1 2 0.01455 0.01940 0.02381 0.02687
2s2 8f(2 F°) -  2s2 5d(2 De) 8870.2 0.00511 0.00296 0.00243 0.00408 0.00877 0.01594 0.02432 0.03285 0.04081 0.04778
Table 4.2: continued
Transition a(A) 5000 1 0 0 0 0 15000
Temperature (K) 
20000 25000 30000 35000 40000 45000 50000
2s2 8g(2 Ge) -  2s2 5f(2 F°) 9224.0 0.01600 0.00826 0.00631 0.01044 0.02274 0.04168 0.06389 0.08659 0.10780 0.12641
2s2 5f(2 F°) -  2s2 4d(2 De) 9229.6 0.06653 0.03546 0.02787 0.04592 0.09767 0.17637 0.26808 0.36134 0.44818 0.52432
2s28h(2 H°) -  2s2 5g(2 Ge) 9314.2 0.02173 0.01013 0.00726 0.01164 0.02528 0.04640 0.07123 0.09656 0 .1 2 0 2 1 0.14108
2s2 5g(2 Ge) -  2s2 4f(2 F°) 9903.4 0.33379 0.15058 0.11114 0 .2 0 1 1 2 0.46190 0.86289 1.33460 1.81748 2.27046 2.67197
2s2 7f(2 F°) -  2s2 5d{2 De) 10930.6 0.00841 0.00480 0.00389 0.00644 0.01374 0.02490 0.03794 0.05123 0.06363 0.07450
2s2 7g(2 Ge) -  2s2 5f(2 F°) 11444.4 0.03003 0.01515 0.01140 0.01864 0.04032 0.07367 0.11277 0.15265 0.18988 0.22262
2s2 7h(2 H°) -  2s2 5g{2 Ge) 11579.1 0.05204 0.02347 0.01669 0.02748 0.06078 0.11237 0.17311 0.23519 0.29328 0.34465
2s2 7p(2 P°) -  2s2 5d(2 De) 12117.2 0.00144 0.00109 0.00103 0.00143 0.00244 0.00391 0.00556 0.00720 0.00869 0.00998
2s2 6f(2 F°) -  2s2 5d(2 De) 17000.4 0.01423 0.00793 0.00634 0.01039 0.02203 0.03979 0.06053 0.08166 0.10136 0.11862
2s2 8f(2 F°) -  2s2 6d(2 De) 17566.7 0.00287 0.00167 0.00137 0.00230 0.00494 0.00897 0.01368 0.01848 0.02296 0.02688
2s24d(2 De) -  2s2 4p(2P°) 17846.5 0.00227 0.00136 0.00113 0.00168 0.00325 0.00564 0.00828 0 .0 1 1 1 1 0.01369 0.01561
2s26g(2 Ge) -  2s2 5f(2 F°) 18198.8 0.06744 0.03272 0.02425 0.03991 0.08675 0.15867 0.24291 0.32873 0.40881 0.47933
2s2 8g(2 Ge) -  2s2 6f(2 F°) 18451.5 0.01125 0.00581 0.00443 0.00734 0.01598 0.02929 0.04490 0.06085 0.07576 0.08883
2s2 6h(2H°) -  2s2 5g(2 Ge) 18516.4 0.19262 0.08227 0.05960 0.11353 0.27132 0.51655 0.80730 1.10692 1.38959 1.64154
2s2 8h(2 H°) -  2s2 6g(2 Ge) 18661.5 0.02395 0.01117 0.00800 0.01283 0.02787 0.05116 0.07853 0.10645 0.13253 0.15554
2s2 4p(2 P°) -  2s2 4s(2 Se) 18904.6 0.00160 0.00119 0.00118 0.00160 0.00243 0.00352 0.00466 0.00577 0.00676 0.00758
2s2 6p(2P°) -  2s2 5d(2 De) 22227.2 0.00325 0.00245 0.00228 0.00299 0.00477 0.00735 0.01023 0.01309 0.01569 0.01791
2s2 7f{2 F°) -  2s2 6d(2 De) 28030.4 0.00424 0.00242 0.00196 0.00324 0.00692 0.01254 0.01911 0.02581 0.03206 0.03753
2s2 7g(2 Ge) -  2s2 6f(2 F°) 30154.4 0.01974 0.00996 0.00750 0.01226 0.02651 0.04843 0.07413 0.10035 0.12483 0.14635
2s2 7h(2 H°) -  2s2 6g(2 Ge) 30688.2 0.05445 0.02456 0.01746 0.02876 0.06359 0.11758 0.18113 0.24608 0.30687 0.36062
2s2 7p(2 P°) -  2s2 6d(2 De) 37430.4 0.00142 0.00108 0 .0 0 1 0 2 0.00142 0.00241 0.00386 0.00549 0.00711 0.00859 0.00986
2s2 8g(2 Ge) -  2s2 7f(2 F°) 46442.6 0.00733 0.00379 0.00289 0.00479 0.01042 0.01910 0.02928 0.03968 0.04940 0.05793
2s2 8h(2H°) -  2s2 7g(2 Ge) 47268.4 0.01944 0.00907 0.00649 0.01041 0.02262 0.04151 0.06373 0.08638 0.10754 0.12622
Table 4.3: C II effective recombination coefficients (x l0 12cm3s x) for low state transitions 
(nUlni < 8 ) at an electron density of 104 cm - 3  under case B.
Transition a(A) 5000 1 0 0 0 0 15000 2 0 0 0 0
Temperature (K) 
25000 30000 35000 40000 45000 50000
2s2 8f(2 F°) -  2s2p2 (2 De) 871.2 0.00551 0.00320 0.00264 0.00447 0.00967 0.01760 0.02687 0.03632 0.04513 0.05283
2s2 7f(2 F°) -  2s2p2 (2 De) 887.6 0.00806 0.00461 0.00375 0.00626 0.01340 0.02431 0.03705 0.05005 0.06218 0.07278
2s2 6f{2 F°) — 2s2p2 (2 De) 914.1 0.01231 0.00688 0.00552 0.00907 0.01927 0.03483 0.05299 0.07150 0.08875 0.10383
2s2 5f(2 F°) — 2s2p2 (2 De) 961.8 0.02044 0.01093 0.00861 0.01419 0.03017 0.05448 0.08279 0.11161 0.13844 0.16190
2s2p3s(2 P°) — 2s2p2 (2 De) 973.2 0.00392 0.00287 0.00281 0.00412 0.00733 0 . 0 1 2 1 0 0.01748 0.02311 0.02831 0.03251
2s2 5p(2 P°) -  2s2p2 (2 De) 996.9 0.01061 0.00778 0.00759 0.01125 0.01978 0.03205 0.04561 0.05948 0.07217 0.08241
2s2 4f(2 F°) -  2s2p2 (2 De) 1063.8 0.03616 0.01759 0.01359 0.02386 0.05260 0.09617 0.14697 0.19870 0.24698 0.28945
2p3 (2P°) — 2s2p2 (2 De) 1066.0 0.06856 0.04933 0.04698 0.06685 0.11421 0.18331 0.25975 0.33955 0.41291 0.47074
2s24p(2 P°) -  2s2p2 (2 De) 1142.3 0.10444 0.07197 0.06628 0.09485 0.16519 0.26777 0.38068 0.49762 0.60427 0.68765
2s2 6p(2 P°) -  2s2p2 (2 Se) 1156.7 0.00462 0.00339 0.00319 0.00472 0.00861 0.01437 0.02091 0.02755 0.03367 0.03881
2s2p3s(2 P°) -  2s2p2 (2 Se) 1231.6 0.03327 0.02431 0.02383 0.03494 0.06212 0.10260 0.14819 0.19586 0.23997 0.27558
2s2 5p(2 P°) -  2s2p2 (2 Se) 1269.8 0.00861 0.00631 0.00615 0.00912 0.01604 0.02598 0.03697 0.04822 0.05851 0.06681
2p3 (2 D°) -  2s2p2 (2 De) 1323.9 0.01730 0.01830 0.02264 0.03716 0.06297 0.09688 0.13436 0.17236 0.20827 0.24034
2s2 8p(2 P°) -  2s2 3s(2 Se) 1376.8 0.00254 0.00189 0.00183 0.00296 0.00580 0.00999 0.01479 0.01963 0.02409 0.02793
2s2 7p(2 P°) -  2s2 3s(2 Se) 1424.3 0.00392 0.00292 0.00279 0.00430 0.00807 0.01364 0.01999 0.02638 0.03227 0.03732
2s2p3s(2 P°) — 2s2p2 (2 Pe) 1491.8 0.00515 0.00376 0.00369 0.00540 0.00961 0.01587 0.02293 0.03030 0.03712 0.04263
2s2 6p(2 P°) -  2s2 3s(2 Se) 1504.8 0.00662 0.00485 0.00457 0.00675 0.01233 0.02057 0.02993 0.03944 0.04818 0.05554
2s2 5p(2 P°) — 2s2p2 (2 P e) 1548.2 0.00788 0.00577 0.00563 0.00835 0.01468 0.02378 0.03384 0.04414 0.05355 0.06115
2s2 5p(2 P°) -  2s2 3s(2 Se) 1702.0 0.00158 0.00115 0.00113 0.00167 0.00294 0.00476 0.00677 0.00883 0.01072 0.01224
2p3 (2 P°) — 2s2p2 (2 P e) 1721.5 0.01390 0 . 0 1 0 0 0 0.00952 0.01355 0.02315 0.03715 0.05265 0.06882 0.08369 0.09541
2s2 3d(2 P e) -  2s2 3p(2 P°) 1760.0 0.02365 0.01788 0.01594 0.01631 0.01817 0.02077 0.02351 0.02606 0.02824 0.02996
2s2 3p(2 P°) -  2s2p2 (2 De) 1762.0 0.63098 0.38128 0.34306 0.52298 0.98208 1.66838 2.44109 3.24653 3.98969 4.58881
Table 4.3: continued
Transition a ( A ) 5000 1 0 0 0 0 15000 2 0 0 0 0
Temperature (K) 
25000 30000 35000 40000 45000 50000
2s2 7d(2 De) -  2s2 3p(2 P°) 1797.0 0.03243 0.02167 0.01841 0.02465 0.04376 0.07371 0.10634 0.14210 0.17471 0.19723
2s2 6d(2 De) -  2s2 3p(2 P°) 1910.5 0.05171 0.03326 0.02791 0.03943 0.07407 0.12825 0.18710 0.25175 0.31067 0.35119
2s2 4p{2 P°) — 2s2p2 (2 P e) 1929.7 0.00778 0.00536 0.00494 0.00706 0.01230 0.01994 0.02835 0.03705 0.04500 0.05120
2s2p3p(2 Pe) -  2s2 3p(2 P°) 1989.9 0.00972 0.01079 0 . 0 1 0 0 2 0.00962 0.00971 0.01008 0.01057 0.01107 0.01152 0.01189
2s2 6s(2 Se) -  2s2 3p(2 P°) 2018.2 0.00148 0 . 0 0 1 2 0 0.00124 0.00205 0.00381 0.00619 0.00876 0.01124 0.01345 0.01529
2s25d(2 De) -  2s2 3p(2 P°) 2137.7 0.09948 0.06270 0.05245 0.07557 0.14365 0.24930 0.36468 0.49024 0.60486 0.68582
2s2 4p(2 P°) -  2s2 4s(2 Se) 2173.9 0.01417 0.00976 0.00899 0.01287 0.02241 0.03633 0.05164 0.06751 0.08197 0.09329
2s2 8f(2 F°) -  2s2 3d(2 De) 2260.9 0.01446 0.00840 0.00692 0.01175 0.02539 0.04622 0.07055 0.09538 0.11851 0.13873
2s2 7f(2 F°) -  2s2 3d(2 De) 2375.1 0.02533 0.01449 0.01179 0.01966 0.04210 0.07637 0.11642 0.15728 0.19538 0.22870
2s2 5s(2 Se) -  2s2 3p(2 P°) 2402.2 0.00300 0.00243 0.00258 0.00420 0.00737 0.01146 0.01575 0.01979 0.02333 0.02625
2s2 7p(2 P°) -  2s2 3d(2 De) 2426.7 0 . 0 0 2 1 0 0.00156 0.00149 0.00230 0.00432 0.00730 0.01069 0.01412 0.01727 0.01997
2p3 {2 D°) -  2s2p2 (2 P e) 2511.1 0.00195 0.00206 0.00255 0.00419 0.00711 0.01093 0.01516 0.01945 0.02350 0.02712
2s2 6f(2 F°) -  2s2 3d(2 De) 2574.8 0.05055 0.02826 0.02267 0.03725 0.07911 0.14299 0.21753 0.29353 0.36435 0.42627
2s2p3p(2 De) -  2p3 (2 D°) 2628.2 0.00382 0.00289 0.00257 0.00263 0.00293 0.00335 0.00380 0.00421 0.00456 0.00484
2s2 6p(2 P°) -  2s2 3d(2 De) 2669.9 0.00399 0.00292 0.00275 0.00407 0.00743 0.01240 0.01804 0.02377 0.02905 0.03348
2s24d(2 De) -  2s2 3p(2 P°) 2747.0 0.23564 0.14172 0.11803 0.17764 0.34581 0.60286 0.88692 1.19023 1.46813 1.67575
3p2s2 (2 P°) — 2s2p2 (2 Se) 2840.9 0.57218 0.34575 0.31109 0.47424 0.89056 1.51290 2.21360 2.94397 3.61787 4.16116
2s2 5f(2 F°) -  2s2 3d(2 De) 2992.6 0.13019 0.06962 0.05484 0.09039 0.19220 0.34707 0.52740 0.71095 0.88184 1.03128
2s2p3p(2 P e) — 2p3 (2 D°) 3176.4 0.01192 0.01322 0.01228 0.01180 0.01190 0.01236 0.01295 0.01357 0.01412 0.01458
2s25p(2 P°) -  2s2 3d(2 De) 3361.3 0.00180 0.00132 0.00129 0.00191 0.00335 0.00544 0.00773 0.01009 0.01224 0.01398
2s2p3p(2 De) -  2s2 4p(2 P°) 3841.1 0.01385 0.01047 0.00933 0.00955 0.01064 0.01216 0.01376 0.01526 0.01653 0.01754
2 s24 s ( 2 S 6) -  2s2 3p(2 P°) 3920.1 0.01806 0.01392 0.01520 0.02365 0.03854 0.05720 0.07656 0.09511 0.11146 0.12476
2s2 7d(2 De) -  2s2 4p(2 P°) 4021.8 0.00870 0.00582 0.00494 0.00662 0.01175 0.01979 0.02854 0.03814 0.04690 0.05294
2s2 4f(2 F°) -  2s2 3d(2 De) 4267.2 0.55815 0.27154 0.20982 0.36829 0.81190 1.48455 2.26868 3.06730 3.81261 4.46821
Table 4.3: continued
Transition a(A) 5000 1 0 0 0 0 15000 2 0 0 0 0
Temperature (K) 
25000 30000 35000 40000 45000 50000
2s2 8f(2 F°) -  2s2 4d(2 De) 4619.4 0.00943 0.00548 0.00452 0.00767 0.01657 0.03016 0.04604 0.06224 0.07733 0.09053
2s26d(2 De) -  2s2 4p(2 P°) 4638.5 0.00872 0.00561 0.00470 0.00665 0.01248 0.02162 0.03154 0.04244 0.05237 0.05920
2s2 8d(2 De) -  2p3 (2 P°) 4757.6 0.01887 0.01260 0.01095 0.01505 0.02691 0.04532 0.06537 0.08725 0.10721 0.12116
2s2 8g{2 Ge) -  2s2 4f(2 F°) 4802.7 0.01877 0.00969 0.00740 0.01226 0.02669 0.04893 0.07501 0.10166 0.12657 0.14842
2s2p3p(2 De) -  2p3 (2 P°) 5059.7 0.02132 0.01612 0.01437 0.01471 0.01639 0.01873 0 . 0 2 1 2 0 0.02350 0.02546 0.02702
2s2 7f(2 F°) -  2s2 4d(2 De) 5122.2 0.01600 0.00915 0.00745 0.01242 0.02659 0.04824 0.07353 0.09933 0.12340 0.14444
2s2 7g(2 Ge) -  2s2 4f(2 F°) 5342.4 0.03608 0.01821 0.01371 0.02241 0.04848 0.08859 0.13560 0.18356 0.22834 0.26771
2s2 7p(2 P°) -  2s2 4d(2 De) 5368.6 0.00195 0.00145 0.00138 0.00213 0.00401 0.00676 0.00991 0.01309 0.01601 0.01852
2s24p{2 P°) -  2s23d(2 De) 5890.4 0.02099 0.01447 0.01332 0.01907 0.03321 0.05383 0.07652 0.10003 0.12147 0.13823
2s2 6f(2 F°) -  2s2 4d(2 De) 6151.4 0.03017 0.01687 0.01353 0.02224 0.04722 0.08535 0.12985 0.17521 0.21749 0.25445
2s2 5d(2 De) -  2s2 4p(2P°) 6258.8 0.00803 0.00506 0.00424 0.00610 0.01160 0.02013 0.02945 0.03958 0.04884 0.05538
2s2 6 g fG e) — 2s2 4f(2 F°) 6461.9 0.08734 0.04238 0.03141 0.05171 0.11241 0.20562 0.31479 0.42601 0.52979 0.62118
2s2 3p(2 P°) -  2s2 4s(2 Se) 6579.5 0.53456 0.32302 0.29063 0.44306 0.83201 1.41343 2.06806 2.75041 3.38001 3.88758
2s26p(2 P°) -  2s2 4d(2 De) 6723.5 0.00412 0.00302 0.00284 0.00420 0.00767 0.01279 0.01861 0.02452 0.02996 0.03454
2s2 3d(2 De) -  2s2 3p(2 P°) 7234.7 1.02711 0.55453 0.47076 0.77567 1.56861 2.75426 4.10021 5.49207 6.77993 7.84562
2s2p3p(2 De) -  2s2 5p(2 P°) 7541.3 0.00290 0.00219 0.00196 0 . 0 0 2 0 0 0.00223 0.00255 0.00288 0.00320 0.00347 0.00368
2s28d(2 De) -  2s2p3s(2 P°) 8283.7 0.00696 0.00465 0.00404 0.00555 0.00994 0.01673 0.02413 0.03221 0.03958 0.04473
2s2 8f(2 F°) -  2s2 5d(2 De) 8870.2 0.00524 0.00305 0.00251 0.00426 0.00921 0.01676 0.02559 0.03459 0.04298 0.05031
2s2 8g(2 Ge) -  2s2 5f(2 F°) 9224.0 0.01600 0.00827 0.00631 0.01045 0.02276 0.04172 0.06396 0.08669 0.10792 0.12655
2s2 5f(2 F°) -  2s2 4d(2 De) 9229.6 0.06753 0.03612 0.02845 0.04689 0.09970 0.18003 0.27358 0.36879 0.45744 0.53496
2s2 5s(2 Se) -  2s2 4p(2 P°) 9234.9 0.00182 0.00148 0.00157 0.00256 0.00449 0.00697 0.00958 0.01204 0.01419 0.01596
2s2p3p(2 De) -  2s2p3s(2 P°) 9244.6 0.00252 0.00190 0.00170 0.00174 0.00194 0 . 0 0 2 2 1 0.00250 0.00277 0.00301 0.00319
2s2 8h(2 H°) -  2s2 5g(2 Ge) 9314.2 0.02173 0.01013 0.00726 0.01164 0.02529 0.04642 0.07126 0.09660 0.12026 0.14114
2s2 5g(2 Ge) -  2s2 4f(2 F°) 9903.4 0.33381 0.15060 0.11116 0 . 2 0 1 2 0 0.46213 0.86334 1.33530 1.81843 2.27163 2.67335
Table 4.3: continued
Transition A(A) 5000 1 0 0 0 0 15000 2 0 0 0 0
Temperature (K) 
25000 30000 35000 40000 45000 50000
2s2 5d(2 De) — 2p3 (2 P°) 10301.0 0.00753 0.00475 0.00397 0.00572 0.01088 0.01888 0.02762 0.03712 0.04580 0.05193
2s2 5d(2 De) -  2s2 4f(2 F°) 10504.5 0.00340 0.00214 0.00179 0.00258 0.00491 0.00853 0.01247 0.01677 0.02069 0.02346
2s2 7f(2 F°) -  2 s2 5 d(2 De) 10930.6 0.00857 0.00490 0.00399 0.00665 0.01425 0.02584 0.03939 0.05322 0.06612 0.07739
2s2 7g(2 Ge) -  2s2 5f(2 F°) 11444.4 0.03003 0.01516 0.01141 0.01865 0.04035 0.07374 0.11287 0.15280 0.19007 0.22283
2s2 7h(2 H°) -  2s2 5g(2 Ge) 11579.1 0.05204 0.02348 0.01669 0.02749 0.06080 0.11242 0.17319 0.23529 0.29341 0.34480
2s2 7p(2 P°) -  2s2 5d(2 De) 12117.2 0.00169 0.00126 0 .0 0 1 2 1 0.00186 0.00349 0.00589 0.00863 0.01139 0.01393 0.01612
2s2 5p(2 P°) -  2s2 4d(2 De) 13946.9 0.00155 0.00113 0 . 0 0 1 1 0 0.00164 0.00288 0.00467 0.00664 0.00866 0.01051 0 . 0 1 2 0 0
2s2 6d(2 De) -  2s2p3s(2 P°) 15767.9 0.00395 0.00254 0.00213 0.00301 0.00566 0.00980 0.01429 0.01923 0.02373 0.02683
2s26f(2 F°) -  2s2 5d(2 De) 17000.4 0.01449 0.00810 0.00650 0.01068 0.02267 0.04098 0.06234 0.08412 0.10442 0.12216
2s2 8f(2 F°) -  2s2 6d(2 De) 17566.7 0.00295 0.00171 0.00141 0.00240 0.00518 0.00943 0.01439 0.01946 0.02418 0.02830
2s2 4d(2 De) -  2s2 4p(2 P°) 17846.5 0.04985 0.02998 0.02497 0.03758 0.07316 0.12754 0.18764 0.25181 0.31060 0.35453
2s26g(2 Ge) -  2s2 5f(2 F°) 18198.8 0.06745 0.03273 0.02426 0.03993 0.08680 0.15878 0.24309 0.32897 0.40911 0.47968
2s28g(2 Ge) -  2s2 6f(2 F°) 18451.5 0.01125 0.00581 0.00443 0.00734 0.01599 0.02932 0.04495 0.06092 0.07584 0.08893
2s2 6h(2 H°) -  2s2 5g(2 Ge) 18516.4 0.19262 0.08228 0.05961 0.11358 0.27145 0.51679 0.80767 1.10742 1.39020 1.64225
2s2 8h(2 H°) -  2s2 6g(2 Ge) 18661.5 0.02395 0.01117 0.00800 0.01284 0.02788 0.05118 0.07857 0.10650 0.13258 0.15561
2s2 4p(2 P°) -  2s2 4s(2 Se) 18904.6 0.00409 0.00282 0.00259 0.00371 0.00647 0.01048 0.01490 0.01948 0.02365 0.02691
2s2 6p(2 P°) -  2s2 5d(2 De) 22227.2 0.00414 0.00303 0.00285 0.00422 0.00771 0.01286 0.01871 0.02466 0.03013 0.03473
2s2 7f(2 F°) -  2s2 6d(2 De) 28030.4 0.00432 0.00247 0 .0 0 2 0 1 0.00335 0.00718 0.01302 0.01985 0.02681 0.03331 0.03899
2s2 7g(2 Ge) -  2s2 6f(2 F°) 30154.4 0.01974 0.00996 0.00750 0.01226 0.02653 0.04848 0.07420 0.10045 0.12495 0.14649
2s2 7h(2H°) -  2s2 6g(2 Ge) 30688.2 0.05445 0.02456 0.01746 0.02876 0.06362 0.11763 0.18121 0.24619 0.30701 0.36077
2s2 5d(2 De) -  2s2 5p(2 P°) 31210.8 0.00981 0.00618 0.00517 0.00745 0.01417 0.02459 0.03597 0.04835 0.05966 0.06764
2s2 7p(2 P°) -  2s2 6d(2 De) 37430.4 0.00167 0.00124 0.00119 0.00183 0.00344 0.00582 0.00853 0.01126 0.01377 0.01592
2s2 8g(2 Ge) -  2s2 7f(2 F°) 46442.6 0.00733 0.00379 0.00289 0.00479 0.01043 0.01912 0.02931 0.03973 0.04946 0.05800
2s2 8h(2 H°) -  2s2 7g(2 Ge) 47268.4 0.01944 0.00907 0.00649 0.01042 0.02263 0.04153 0.06375 0.08642 0.10759 0.12627
4.10 Results
In table 4.4, I present a comparison between the effective recombination coefficients 
presented in this thesis, and those calculated by Davey et al. [28]. This clearly illustrates 
the divergence between the two treatments, with Davey et al. having performed their 
calculations with particular care taken in the low tem perature case (Te < 5000-ff), while 
the work presented in this thesis includes the effects of high tem perature dielectronic re­
combination. The effect of dielectronic recombination rapidly becomes im portant above 
an electron tem perature of around 15000K, with the Davey et al. values significantly 
underestimating the effective recombination coefficients for C II.
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Table 4.4: Comparison of C II effective recombination coefficients ( x l0 12cm3 s_1) for various 
strong transitions from this work, with effective recombination coefficients from Davey [28] 
as a function of electron temperature (electron density =  1 0 4 cm-3 ).
Transition A (A) Case 5000K 10000K 15000K 20000K
Davey This Work Davey This Work Davey This Work Davey This Work
2s(2 P 6) -  2p(2 P°) 1036.8 A 0.863 0.808 0.740 0.729 0.618 0.626 0.539 0.575
2d(2 P e) -  2p(2 P°) 1335.3 A 7.15 6 .8 8 4.24 4.20 2.96 3.00 2.32 2.50
4f(2 F°) -  3d(2 De) 4267.2 A 0.565 0.553 0.273 0.268 0.179 0.207 0.151 0.364
B 0.570 0.558 0.276 0.272 0.181 0 . 2 1 0 0.153 0.368
Tg(2 Ge) -  4f(2 F°) 5342.4 A 0.0366 0.0361 0.0184 0.0182 0 . 0 1 2 0 0.0137 0.00935 0.0224
6 f(2 F°) -  4d(2 De) 6151.4 A 0.0299 0.0296 0.0166 0.0165 0.0117 0.0132 0.0108 0.0216
B 0.0305 0.0302 0.0169 0.0169 0 . 0 1 2 0 0.0135 0 .0 1 1 1 0 . 0 2 2 2
6 g(2 Ge) -  4f(2 F°) 6461.9 A 0.0888 0.0873 0.0429 0.0424 0.0274 0.0314 0.0213 0.0517
3p(2 P°) -  3s(2 Se) 6579.5 A 0.0782 0.0765 0.0620 0.0611 0.0656 0.0666 0.0721 0.0832
B 0.550 0.535 0.329 0.323 0.267 0.291 0.267 0.443
3d(2 De) -  3p(2 P°) 7234.7 A 0.0148 0.0145 0.00791 0.00779 0.00586 0.00660 0.00566 0.0109
B 1.04 1.03 0.559 0.555 0.415 0.471 0.400 0.776
5g(2 Ge) -  4f(2 F°) 9903.4 A 0.344 0.333 0.155 0.151 0.0956 0 .1 1 1 0.0731 0 .2 0 1
4.11 Conclusions
4.11 Conclusions
In this chapter, I have presented calculations of C+ level populations at a range of 
nebular tem peratures, extending and adapting the methods of workers like Hummer 
and Storey [41] (hydrogenic only) and Davey et al. [28]. This included explanations 
of the various techniques and approximations used to model the processes im portant 
in the C+ level population structure. The result of this process gives new effective 
recombination coefficients and transition probabilities, which are valid to a much higher 
tem perature than previously achieved because of the treatm ent of high tem perature 
dielectronic recombination, using the atomic structure code AUTOSTRUCTURE [30] 
to generate autoionisation probability rates. I present wavelength tables which should 
have a high accuracy since experimental energies are used where available. I make 
comparisons with previous work that show good agreement where one would expect, but 
show significant differences where the new data includes additional effects. In chapter 
7, I will present an application of the data derived in this chapter.
99
Chapter
O il  R-matrix calculations
5.1 Introduction
The second system we treat using the R-matrix methods described in chapter 2 is singly 
ionised oxygen. We use these methods to obtain the various types of atomic data  required 
to model this species in diffuse astronomical such as Planetary Nebulae. This chapter 
details this application, including a comparison with previous calculations for 0 + .
Due to the importance of 0 + in various astronomical objects and the requirement of 
the Astronomy community for high quality theoretical data, a number of workers have 
generated photoionisation cross-sections for the species in the past. The work of the 
Opacity Project [83] to provide photoionisation cross-sections for many im portant species 
including 0 + . These results are still widely used by theoreticians and astronomers.
Additional work to improve these cross-sections has been published in the subsequent 
years, the most recent by Nahar [59] in a benchmarking exercise for the Opacity Project 
data. In this work, Nahar includes both LS coupling and intermediate coupling, Breit- 
Pauli R-matrix (BPRM), calculations. This work tests the resolution of resonances in the 
original OP work and includes a comparison to independent experimental measurements 
by Aguilar et al. [2] and Kjeldsen et al. [44].
N ahar’s work is based on a wave-function expansion of 12 terms of 0 2+ of the configu­
rations 2 s2 2p2, 2s2p3, 2s2 2p3s and 2p4. The comparison with experimental cross-sections 
shows excellent agreement, demonstrating the effectiveness of the R-matrix methods. 
Another example of this approach is the work of McLaughlin et al. [55]. Later in this 
chapter, I will compare these intermediate coupling results with those from this work.
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In this chapter, I present the application of the R-matrix methods described above to 
obtain photoionisation cross-sections resolved by J 7r under the Breit-Pauli approximation 
of the R-matrix method. I also present a comparison of the derived photoionisation 
cross-sections with both previous theoretical work and experimental measurements.
5.2 Breit-Pauli approximation
In the close coupling approximation, the target is represented by a iV-electron system, 
and the total wavefunction expansion, E ), of the (N  +  l)-electron system for any
symmetry J tt is represented in terms of the target wavefunctions as
^ B )  =  . 4 £ x .<?. +  £ cA ’ (5.1)
* 3
where Xi is the target wavefunction in a specific level Jiixi and 0 * is the wavefunction for 
the (N  +  l) th  electron in a channel labelled as SiLi'Ki{Ji^i)kfli{SL,K\ J tt)] kf  being its 
incident kinetic energy. The 4>j’s are the correlation functions of the (N  +  l)-electron 
system tha t account for short range correlation and the orthogonality between the con­
tinuum and the bound orbitals.
The Breit-Pauli (BP) Hamiltonian, as employed in the R-m atrix techniques, is
t j B P    t t  . T j m a s s  , T j D a r  . t t s o  / r  r>\
h N+ l -  **N+i +  n N+1 +  n N+i +  r l N+l  (5.2)
where -fifjv+i is the non-relativistic Hamiltonian,
„  1 /  2 2Z  2 1 . .
H at+i =  -  < —V j  h > —  > in atomic units, (5.3)
1  i= l  {  n  3> i Vi’  J
and the additional terms are the one-body mass correction term, the Darwin term, and 
the spin-orbit term, respectively. However, the two-body terms of the Breit interaction,
H b = 'Y^[gij{so +  so') +  0 ij(ss ')], (5.4)
i>j
representing the spin-spin and spin-other-orbit interaction are not included in the calcu­
lations. The channels, characterised by the spin and orbital angular quantum  numbers of 
the (e+ion) system, describe the scattering process of the free electron interacting with
the target ion at positive energies. However, at negative total energies of the (e+ion)
system, when the scattering channels are closed, the solutions of the close coupling equa­
tions occur at discrete eigenvalues of the (e+ion) Hamiltonian tha t correspond to pure
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bound states. In other words,
E  = k2 > 0 —» continuum(scattering)channels
E  =
Z 2 < 0  —> boundstates,
(5.5)
(5.6)
where v is the effective quantum number relative to the core level.
The Breit-Pauli R-matrix intermediate coupling calculations employ a pair coupling 
scheme adopted as
Ji +  li =  K, K  +  i  =  J. (5.7)
where a set of S L n  are recoupled to obtain (e+ion) levels with total J 7r, followed by 
diagonalisation of the (N  +  l)-electron Hamiltonian,
(5.8)
In terms of the total bound state wavefunctions, the expression for the oscillator 
strength is proportional to the generalised line strength (S ) defined, in either length (L) 






S y  = U)- 2




where u  is the incident photon energy in Rydbergs, and and ^ /  are the wavefunctions 
representing the initial and final states, respectively.
Using the transition energy E j i , the oscillator strength f i j  is obtained from S  as
E *
3 3 g, ’
and the Einstein ^-coefficient, Aji,  in atomic units as




where a  is the fine structure constant, and </*, gj are the statistical weight factors of the 
initial and final states. In c.g.s. units
_ 1} =  ^ ( a . u . )
TO
(5.13)
where tq = 2.4191 x 10 17s is the atomic unit of time.
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The lifetime, 7y, of a level j  can be obtained from the transition probabilities of j  
decaying to the lower levels (the A- values) by the equation
1
Ti Ajis-'Y
where Aj  is the total radiative transition probability for the level j ,
(5.14)
i
5.3 Photoionisation cross-sections for 0 +
The first step in the process of deriving atomic data for the later intermediate coupling 
capture-cascade problem of 0 + , is to generate an 0 2+ target.
5.3.1 T h e 0 2+ target
The photoionisation of 0 + is considered in termis of a ( 0 2+ +  e“ ) problem. The starting 
point for the calculations is the 0 2+ target. In these photoionisation calculations, the 
0 2+ target was generated using the AUTOSTRUCTURE code [5]. Table 5.1 presents the 
states included in the calculation. I also present a comparison of the energies derived in 
this work with experimental energies from the NIST atomic data  website [61] and those 
used by Nahar [58]. It should be noted tha t Nahar replaces the state energies in her 
calculation with experimental energies, which are the presented energies. All of these 
were represented as configuration interaction expansions in terms of 2 2  configurations, 
presented in table 5.2. The Thomas-Fermi-Dirac orbitals generated in creating the 0 2+ 
target included scaling parameters to minimise the weighted sum of the target energies. 
Table 5.3 gives these parameters for the 7 valence orbitals used.
Storey [96] generated a benchmarking 0 2+ target including 285 electron configu­
rations. This large target was constructed using the orbitals shown in table 5.4 and 
included configurations with open Is shells. This is expected to be the best currently 
available calculation of the 0 2+ target. Performing the R-matrix calculations using this 
target would be prohibitively costly with regards to com putation time, but it does pro­
vide a useful comparison to our target. In table 5.5, I present a comparison of the 0 2+ 
ground state (3 P) fine-structure energies from this work, to those of the Storey bench­
mark target and experiment [61]. The target used in this work gives good agreement 
with both.
103
5.3 Photoionisation cross-sections for 0 +
Table 5.1: 0 2+ Target States, including calculated energies (IC, averaged over multiplet) from 
this work, Nahar [58] and experimental energies from NIST [61]
State Energies (Ryd)
Configuration State This Work Expt. (NIST) Nahar
2 s2 2 p2 3P 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
2 s2 2 p2 0.1974 0.1829 0.1847
2 s2 2 p2 XS 0.4063 0.3917 0.3935
2 s2 p3
oCO 0.5234 0.5478 0.5497
2 s2 p3 3 d° 1.0956 1.0920 1.0939
2 s2 p3 3 p o 1.3023 1.2956 1.2975
2 s2 p3 1D° 1.7348 1.7026 1.7045
2 s2 p3 3 S° 1.8259 1.7939 1.7960
2 s2 p3 l p o 1.9579 1.9160 1.9178
to •o 3P 2.5911 2.5850 2.5868
2 p4 XD 2.7300 2.7165 -
2 p4 XS 3.1517 3.1267 -
2s2 2p3s 3 p o 3.1741 - -
2s2 2p3d 3 p o 3.4453 - -
2s2 2p3d 3 d ° 3.5628 - -
2s2 2p3d 3 p o 3.5813 - -
2s2 2p3d l p o 3.7344 - -
2s2 2p3d l p o 3.7504 - _
In generating the 0 2+ target, we also calculate oscillator strengths ( /  values, / ^ g )  
between the included states. These are compared to the Storey benchmark target and 
the Nahar target [58] in table 5.6.
The target configurations 2s2 2p3s and 2s2 2p3d are included in the 0 2+ target to 
account for the polarisability of the 3 P, : D and XS states. The polarisability contribution 
from a particular transition is f ^ ^ / A A E 2, where A E  is in Rydbergs.
Hence, for the 3P polarisability, 2s2p3 (3 D°), 2s2p3 (3 P°) and 2s2p3 (3 S°) contribute,
0.104 0.133 0.186
+  7 m qhoq\ 2 +  77i " qot7v\2 =  ° -0552 (5 -16)4(1.0956)2 4(1.3023)2 4(1.8259)2
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Table 5.2: 0 2+ Configurations, including basis orbitals and pseudo orbitals
Configurations
2s2 2p2 2s2p3 2p4
2s22p3s 2s22p3p 2s22p3d
2s2p23s 2s2p23 p 2s2p 23d
2p 33s 2p 33 p 2p 33d
2s23s 2 2s2 3 p2 2s23d2
2 s2 p 3 s2 2s2p3p2 2s2p3 d2
2p 23 s2 2p23p2 2p23d2
2s22p4d
Table 5.3: 0 2+ Target Orbital Scaling Parameters 
Is 1.45168
2s 1.22615 2p 1.17440
3s -0.87325 3p -0.90904 3d -1.10055
4d -1.20517
while the correlation configurations (2s2 2p3s, 2s2 2p3d and 2s2 2p3d) contribute,
0.234 1.247 0.367
4(3.1741)2 +  4(3.5628)2 +  4(3.5813)2 ”  ° ' ° 3 7 5  5^' 17^
The contribution of the correlation configurations represents 40% of the total. By includ­
ing this effect, the improved polarisability treatm ent should lead to improved energies 
for Rydberg states in the subsequent R-matrix calculation, using STGB.
5.3 .2  Inner region  cod es
As detailed in chapter 2 , STG1 is run first. This reads the target wavefunctions described 
in the previous section and evaluates all the radial integrals needed in the calculations, 
also calculating radial integrals needed for the relativistic corrections. It is also at this 
point that the radius of the inner region is defined. This radius is carried forward to the 
subsequent inner region codes, and is also used in the outer region when generating os­
cillator strengths and photoionisation cross-sections. STG 1 calculates the ground state 
energy of the target, and the separations of the various excitation thresholds, from the 
ground state. We use experimentally determined energies for the excited thresholds, in-
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Table 5.4: 0 2+ Benchmark Target Orbitals [96] 
Orbitals
Is
2 s 2 p
3s 3p 3d
4s 4p 4d 4 /
5s 5 p 5d 57
6 s Qp 6  d
Table 5.5: 0 2+ Ground State Fine-structure, compared to Storey benchmark calculation (285 
configurations) [96] and experimental energies from NIST [61]
State Energies (cm-1 )
Configuration State Expt. (NIST) This Work Benchmark
2 s2 2 p2 3Po 0 . 0 0 0 0 . 0 0 . 0
2 s2 2 p2 3Po 113.178 114. 112.3
2 s2 2 p2 3Po 306.174 311. 305.0
stead of theoretically derived values from STG1. The experimental values were obtained 
from Wenaker [104]. The output of STG1 then passes through to STG2.
STG2 is the second program of the inner region suite to be run. It calculates LS- 
coupling m atrix elements in the inner region, solving the target (N-electron) problem, 
and then setting up the (N +l)-electron Hamiltonian and dipole matrices for use in the 
later stages.
We use the optional STG JK  stage at this point. STGJK includes the relativistic 
effects in the Breit-Pauli approximation and allows the user to diagonalise the target 
Hamiltonian and define term-coupling coefficients. It then performs recoupling and 
output of (N  -f l)-electron Hamiltonian matrices and long-range potential coefficients, 
and outputs recoupled dipole matrices if required.
STG3 reads the output from STGJK, diagonalising the (N-fl)-electron Hamiltonian 
and processing the dipole matrices. At this stage we use STG3’s facility to adjust 
the target energies, feeding in the experimentally determined values for the threshold 
energies to correct for inaccuracies in the calculated values. These energies are applied
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2s2 2p2 (3 P) - 2s2p3 (3 D°) 0.104 0.107 0.108
2s2 2p2 (3 P) - 2s2p3 (3 P°) 0.133 0.136 0.143
2 s2 2p2 (3 P) - 2 s2 p3 (3 S°) 0.186 0.185 -
2s2 2p2 (3 P) - 2s2 2p3s (3 P°) 0.234 - -
2s2 2p2 (3 P) - 2s2 2p3d (3 D°) 1.247 - -
2s2 2p2 (3 P) - 2s2 2p3d (3 P°) 0.367 - -
2 s2 2 p2 ^D ) - 2 s2 p3 ^ D 0) 0.296 0.295 -
2 s2 2 p2 (XD) - 2 s2 p3 (l P°) 0.227 0.232 -
2s2 2p2 (!D) - 2s2 2p3d { 'F0) 1.278 - -
2s2 2p2 (1D) - 2s2 2p3d (l F°) 0.036 - -
2 s2 2 p2 (1S) - 2 s2 p3 ^ P 0) ,0.271 0.246 -
2s2 2p2 CS) - 2s2 2p3d { 'P0) 1.940 - -
to the diagonal elements of the Hamiltonian before diagonalising, and are also used 
in the outer region codes. This provides consistent channel energies when it comes to 
performing the outer region calculations. In total experimental energies are used to 
correct the calculated energies of the lowest 36 states in the 0 2+ target.
5 .3 .3  C a lcu la ted  bou nd  s ta te  energy  levels
The calculated energy levels of the bound states are determined at this point for use in 
the outer region calculations. This process is detailed in section 3.1.3, this time with an 
effective quantum  number range taken to be 0.9 < v < 10.1. The codes were run with 
a 5v of 0.001. We assume the subsequent iteration is converged on a final energy when 
A E  < 1 x 10- 5  Ryd.
A comparison of a number of low energy bound 0 + states with experiment and 
previous theoretical work is shown in table 5.7. This work gives calculated energy level 
separations from the ground state tha t agree to within 1 .6 % of the experimental 0 + 
energy level values given by Wenaker [104], with the exception of the 2s2 2p2 states. 
As one moves to higher energies, the agreement with experiment compared to previous 
theoretical work is noticeably improved as expected. However, the lowest energy states
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are not treated as well. Since we use experimental energies where available (i.e. the 
lowest energy states) in the capture-cascade calculations detailed below, the low energy 
discrepancies are not a concern. In contrast, the good agreement at higher energies 
provides us with improved energies where experimental data is unavailable.
Table 5.7: Comparison of the energies (in Rydbergs) of a number of low energy bound states 
of 0 + with theory (This Work, McLaughlin [55], Nahar [58] (term averaged energies, from 
intermediate coupling calculation)) and expermiment (Wenaker [104]).
Term This Work McLaughlin Nahar Wenaker
l s 22s22p34S£/2 - - - -
ls 22s22p32D?/2 0.26111 0.24789 0.258 0.24432
ls 22s22p32D£/2 0.26099 0.24791 0.24450
l s 22s22p32P°/2 0.38538 0.37413 0.389 0.36877
l s 22s22p32P?/2 0.38527 0.37410 0.36879
ls 22s2p44P°/2 1.09328 1.12351 1.097 1.09204
ls 22s2p44P°/2 1.09523 1.12480 1.09353
l s 22s2p44P i/2 1.09639 1.12456 1.09428
ls 22s2p42D°5/2 1.53271 1.54667 1.543 1.51260
ls 22s2p42D^/2 1.53260 1.54660 1.51267
l s 22s22p23s4P j /2 1.69391 1.67762 1.710 1.68799
ls 22s22p23s4P3/2 1.69513 1.67859 1.68895
l s 22s22p23s4P |/2 1.69704 1.68021 1.69039
ls 22s22p23s2P f/2 1.73174 1.72595 1.743 1.72128
ls 22s22p23s2P |/2 1.73382 1.72778 1.72291
l s 22s2p42Se1/2 1.81010 1.83610 1.833 1.78345
ls 22s22p23p2S°/2 1.86549 - 1.875 1.85846
l s 22s22p23p4D°/2 1.89177 - 1.902 1.88386
ls 22s22p23p4D°/2 1.89233 - 1.88434
l s 22s22p23p4D°/2 1.89331 - 1.88520
l s 22s22p23p4D°/2 1.89478 - 1.88634
l s 22s22p23s,2D |/2 1.90030 1.90172 1.925 1.88606
l s 22s22p23s/2D |/2 1.90027 1.90173 1.88607
l s 22s22p23p4P i/2 1.90672 - 1.917 1.89859
l s 22s22p23p4P°/2 1.90722 - 1.89901
l s 22s22p23p4P^/2 1.90827 - 1.89985
ls 22s22p23p2D^/2 1.93795 - 1.948 1.92753
ls 22s22p23p2D£/2 1.93998 - 1.92927
ls 22s22p23p4S£/2 1.94222 - 1.951 1.93336
ls 22s2p42P |/2 1.96718 2.08127 1.979 1.93730
ls 22s2p42P f/2 1.96938 2.08283 1.93883
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Table 5.7: continued
Term This Work McLaughlin Nahar Wenaker
l s 22s22p23p2P ° /2 1.96293 - 1.973 1.95166
l s 22s22p23p2P 3 /2 1.96347 - 1.95220
l s 22s22p23s//2S i /2 2.11879 2.17157 2.175 2.10147
The final energy level files produced were saved and used not only in photoionisation 
calculations, but also to provide the basis for indexing in the state population code. The 
state identification and bound state energies, along with a comparison with experimental 
energies from Wenaker [104], where available, are given in tables 5.8 to 5.19. I use the 
same level notation as Wenaker, using L S  symbols for s, p and d levels, L K  notation 
for f levels, and JCK  notation for g and higher.








ls 22s22p3 2P°/2 1.34665 -2.20570 -2.21258
ls22s22p23p 2S° /2 2.34805 -0.72551 -0.72290
ls22s22p23p 4D?/2 2.39177 -0.69923 -0.69749
ls22s22p23p AP°l/2 2.41776 -0.68428 -0.68277
ls22s22p23p 2P°l/2 2.52363 -0.62807 -0.62970
[1D2]ls22s22p23p 2P°l/2 2.94863 -0.46007 -0.46284
ls22s22p24p 2S°/2 3.38531 -0.34903 -0.34841
ls22s22p24p 4D?/2 3.41885 -0.34222 -0.34175
ls22s22p24p 4P°/2 3.44452 -0.33714 -0.33672
ls22s22p24p 2P°//2 3.55534 -0.31644 -0.31753
[1S0]ls22s22p23p 2P°1/2 3.82654 -0.27318 -0.27597
ls22s22p24f 2D°1/2 4.00621 -0.24923 -0.24931
ls22s22p25p 2SJy2 4.40589 -0.20606 -0.20581
ls22s22p25p 4D^/2 4.42937 -0.20388 -0.20375
ls22s22p25p AP°l/2 4.45968 -0.20112 -0.20099
ls22s22p25p 2P°/2 4.57719 -0.19093 -0.19122
ls22s22p25f 2DJ/2 5.02681 -0.15830 -0.15836
[1D2]ls22s22p24p 2P j^2 5.28281 -0.14333 -0.14408
ls22s22p26p 2S°1/2 5.42541 -0.13589 -0.13579
ls22s22p26p aD°1/2 5.43768 -0.13528 -
ls22s22p26p 4P°/2 5.47638 -0.13337 -
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Table 5.8: continued
Effective Calculated Experimental
Configuration Quantum Number Energy (Ryd) Energy (Ryd)
ls22s22p26p 2P i / 2 5.66517 -0.12463 -
ls22s22p26f 2DJ/2 6.05895 -0.10896 -
ls22s22p27p 2S ^ 2 6.43688 -0.09654 -
ls22s22p27p 4D°1/2 6.45318 -0.09605 -
ls 22s22p27p 4P°l/2 6.49934 -0.09469 -
ls22s22p27p 2P°l/2 6.64086 -0.09070 -
ls22s22p27f 2D°l/2 7.10430 -0.07925 -
ls22s22p28p 2S ^ 2 7.44234 -0.07222 -
ls22s22p28p 4D°/2 7.47710 -0.07155 -
ls22s22p28p 4P°/2 7.52945 -0.07056 -
ls 22s22p28p 2P J/2 7.66536 -0.06808 -
[1D2]ls22s22p24f 2P°/2 7.92850 -0.06363 -0.06385
ls22s22p28f 2D°l/2 8.16568 -0.05999 -
ls22s22p29p 2S ^ 2 8.44632 -0.05607 -
ls22s22p29p 4D°/2 8.50570 -0.05529 -
ls22s22p29p 4P°1/2 8.56493 -0.05453 -
ls22s22p29p 2P °/2 8.71281 -0.05269 -
ls22s22p29f 2D°/2 9.24586 -0.04679 -
ls22s22p210p 2S°l/2 9.44947 -0.04480 -
ls22s22p210p 4D°/2 9.53985 -0.04395 -
ls22s22p210p 4P°/2 9.60372 -0.04337 -
ls22s22p210p 2P°l/2 9.78527 -0.04177 -
ls 22s22p210f 2DJ/2 10.34784 -0.03736 -
Table 5.9: 0 + J =  3/2° Bound State Energies
Effective Calculated Experimental
Configuration Quantum Number Energy (Ryd) Energy (Ryd)
ls22s22p3 4S°/2 1.24250 -2.59100 -2.58135
ls22s22p3 2D°/2 1.31025 -2.32999 -2.33686
ls22s22p3 2P°/2 1.34669 -2.20560 -2.21259
ls22s22p23p 4P>°/2 2.39273 -0.69867 -0.69698
ls22s22p23p 4P°/2 2.41865 -0.68378 -0.68234
ls22s22p23p 2D°3/2 2.47490 -0.65305 -0.65382
ls22s22p23p 4S°/2 2.48303 -0.64878 -0.64799
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ls 22s22p23p 2F°3/2 2.52471 -0.62753 -0.62915
[1D2]ls22s22p23p 2D°/2 2.87549 -0.48377 -0.48573
[1D2]ls22s22p23p 2P°3/2 2.95043 -0.45950 -0.46241
ls22s22p24p 4F>°/2 3.42105 -0.34177 -0.34131
ls22s22p24p 2D°/2 3.44139 -0.33775 -0.33698
ls22s22p24p 4F°3/2 3.45150 -0.33577 -0.33523
ls22s22p24p 4S°/2 3.53064 -0.32089 -0.32132
ls22s22p24p 2? 3/ 2 3.56017 -0.31559 -0.31672
[1S0]ls22s22p23p 2P°3/2 3.82690 -0.27313 -0.27591
[5S2]ls22s22p23s 4S°/2 3.94347 -0.25722 -0.25779
ls22s22p24f 2F>°/2 3.99902 -0.25012 -0.25022
ls22s22p24f 4D°/2 4.00625 -0.24922 -0.24931
ls22s22p24f 2F°/2 4.01928 -0.24761 -0.24775
ls22s22p25p 4F>°3/2 4.43317 -0.20353 -0.20332
ls22s22p25p 4P°3j2 4.46397 -0.20073 -0.20057
ls22s22p25p 4S°/2 4.51254 -0.19643 -0.19728
ls22s22p25p 2D°3/2 4.58591 -0.19020 -0.19658
ls22s22p25p 2P°3/2 4.61618 -0.18771 -0.19122
ls22s22p25f 2D°/2 5.00862 -0.15945 -0.15951
ls 22s22p25f 4D°3/2 5.02686 -0.15829 -0.15835
ls22s22p25f 2F°3/2 5.03680 -0.15767 -0.15777
[1D2]ls22s22p24p 2D*/2 5.14362 -0.15119 -0.15170
[1D2]ls22s22p24p 2P°3/2 5.28853 -0.14302 -0.14380
ls22s22p26p 4D°3/2 5.44267 -0.13503 -0.13491
ls22s22p26p 4P"/2 5.48189 -0.13311 -
ls22s22p26p 4^3 /2 5.59249 -0.12789 -
ls22s22p26p 2D°/2 5.60490 -0.12733 -
ls22s22p26p 2P°3/2 5.68416 -0.12380 -
ls22s22p26f 2D°3/2 6.02127 -0.11033 -
ls22s22p26f 4D°3/2 6.05900 -0.10896 -
ls22s22p26f 2F°3/2 6.06710 -0.10867 -
ls22s22p27p 4D°3/2 6.45035 -0.09614 -0.09607
ls22s22p27p 4F°3/2 6.50352 -0.09457 -
ls22s22p27p 4S°/2 6.57085 -0.09264 -
ls22s22p27p 2F>°3/2 6.62725 -0.09107 -
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Table 5.9: continued
Effective Calculated Experimental
Configuration Quantum Number Energy (Ryd) Energy (Ryd)
ls 22s22p27p 2 p  o 3 /2 6.67614 -0.08974 -
ls 22s22p27f 2D°3 /2 7.03810 -0.08075 -
ls 22s22p27f 4 n °U 3 / 2 7.10435 -0.07925 -
ls 22s22p27f 2 DO 3 /2 7.11182 -0.07909 -
ls22s22p28p 4D°3 /2 7.45730 -0.07193 -
ls22s22p28p 4 p  o3 /2 7.52884 -0.07057 -
ls22s22p28p co 
o 
to 7.57913 -0.06963 -
ls 22s22p28p 2d °3 /2 7.66952 -0.06800 -
ls22s22p28p 2 p o3 /2 7.71761 -0.06716 -
[1D2]ls22s22p24f 2D°/2 7.81416 -0.06551 -0.06565
[1D2]ls22s22p24f 2P ° 2 7.92877 -0.06363 -0.06385
ls22s22p28f 2d °3 /2 8.06036 -0.06157 -
ls 22s22p28f 4d °3 /2 8.16573 -0.05999 -
ls22s22p28f 2 p o3 /2 8.17294 -0.05988 -
ls22s22p29p 4d °3 /2 8.46300 -0.05585 -
ls 22s22p29p 4 p o3 /2 8.55802 -0.05462 -
ls 22s22p29p 4 go3 /2 8.59659 -0.05413 -
ls22s22p29p 2d °3 /2 8.73212 -0.05246 -
ls22s22p29p 2 p o3 /2 8.78095 -0.05188 -
ls 22s22p29f 2D°U 3 / 2 9.08899 -0.04842 -
ls22s22p29f 4d °3 /2 9.24592 -0.04679 -
ls22s22p29f 2 p o3 /2 9.25304 -0.04672 -
ls22s22p210p 4d °U 3 / 2 9.46707 -0.04463 -
ls22s22p210p 4 p  o3 /2 9.59197 -0.04348 -
ls22s22p210p 4 o o3 /2 9.62184 -0.04321 -
ls22s22p210p 2d °3 /2 9.81695 -0.04151 -
ls22s22p210p 2 p o* 3 / 2 9.86524 -0.04110 -
ls 22s22p210f 2D°3 /2 10.12494 -0.03902 -
ls22s22p210f 4d °3 /2 10.34788 -0.03736 -
ls22s22p210f 2 ™3 /2 10.35502 -0.03730 -
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ls22s22p3 2D£/2 1.31028 -2.32987 -2.33704
ls22s22p23p 4F>°5/2 2.39442 -0.69769 -0.69615
ls22s22p23p 4P°5/2 2.42051 -0.68273 -0.68151
ls22s22p23p 2D£/2 2.47876 -0.65102 -0.65209
[1D2]ls22s22p23p 2F°5/2 2.84584 -0.49390 -0.49707
[1D2]ls22s22p23p 2D°5/2 2.87541 -0.48379 -0.48592
[5S2]ls22s22p23s 6S°5/2 3.37288 -0.35161 -0.34515
ls22s22p24p 4D°5/2 3.42521 -0.34095 -0.34052
ls22s22p24p 4P°/2 3.45140 -0.33579 -0.33549
ls22s22p24p 2D ^ 2 3.53984 -0.31922 -0.31971
ls22s22p24f 2D°j2 3.99015 -0.25124 -0.25134
ls22s22p24f 2G°5/2 3.99489 -0.25064 -0.25073
ls22s22p24f 4D°/2 3.99911 -0.25011 -0.25021
ls22s22p24f 2F"/2 4.01969 -0.24756 -0.24771
ls22s22p24f 4F°b/2 4.02254 -0.24721 -0.24737
ls22s22p25p 4D‘/2 4.44158 -0.20276 -0.20255
ls22s22p25p 4P°/2 4.47402 -0.19983 -0.19970
ls22s22p25p 2D ^ 2 4.53089 -0.19485 -0.19502
ls22s22p25f 2D°5/2 4.99024 -0.16063 -0.16069
ls22s22p25f 2G°5/2 5.00173 -0.15989 -0.15995
ls22s22p25f 4D°5/2 5.00888 -0.15943 -0.15950
ls22s22p25f 2F°5/2 5.03728 -0.15764 -0.15772
ls22s22p25f 4F°5/2 5.04178 -0.15736 -0.15745
[1D2]ls22s22p24p 2F°5/2 5.13818 -0.15151 -0.15210
[1D2]ls22s22p24p 2D°/2 5.15401 -0.15058 -0.15155
ls22s22p26p 4D°5/2 5.45809 -0.13427 -0.13417
ls22s22p26p 4P°5/2 5.50230 -0.13212 -0.13203
ls22s22p26p 2D ^ 2 5.62470 -0.12643 -
ls22s22p26f 2D"/2 5.99023 -0.11147 -
ls22s22p26f 2G°5/2 6.01324 -0.11062 -
ls22s22p26f 4D°/2 6.02173 -0.11031 -
ls22s22p26f 2F°5/2 6.06756 -0.10865 -
ls22s22p26f 4F°b/2 6.07284 -0.10846 -
ls22s22p26h [3]2 6.07451 -0.10840 -
ls22s22p27p 4F>°5/2 6.47609 -0.09538 -0.09553
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Table 5.10: continued
Effective Calculated Experimental
Configuration Quantum Number Energy (Ryd) Energy (Ryd)
ls 22s22p27p 4 p  o 5 / 2 6.54191 -0.09347 -0.09342
ls22s22p27p 2d °5 / 2 6.63131 -0.09096 -
ls 22s22p27f 2d °5 / 2 6.99011 -0.08186 -
ls 22s22p27f 2 n o5 / 2 7.02943 -0.08095 -
ls 22s22p27f 4d °5 / 2 7.03871 -0.08074 -
ls22s22p27f 2 p o5 / 2 7.11226 -0.07908 -
ls 22s22p27f 4 p o5 / 2 7.11802 -0.07895 -
ls22s22p27h [3]a 7.12040 -0.07890 -
ls 22s22p28p ^ 5/2 7.49816 -0.07115 -
ls 22s22p28p 4 p o5 / 2 7.59550 -0.06933 -
ls22s22p28p 2d °5 / 2 7.67471 -0.06791 -
[1D2]ls22s22p24f 2F°/2 7.71254 -0.06725 -0.06734
[1D2]ls22s22p24f 2DJ?/2 7.81444 -0.06550 -0.06565
ls 22s22p28f 2d °Ub/2 7.99001 -0.06266 -
ls22s22p28f 2 p o5 / 2 8.05128 -0.06171 -
ls 22s22p28f 4 D f / 2 8.06107 -0.06156 -
ls22s22p28f 2 F ? / 2 8.17338 -0.05988 -
ls 22s22p28f 4t?o5 / 2 8.17945 -0.05979 -
ls22s22p28h Pb 8.18234 -0.05975 -
ls 22s22p29p 4d °5 / 2 8.52521 -0.05504 -
ls22s22p29p 4 p o5 / 2 8.66601 -0.05326 -
ls22s22p29p 2d °5 / 2 8.73805 -0.05239 -
ls22s22p29f 2d °Ub/2 8.98995 -0.04949 -
ls22s22p29f 2 n o5 / 2 9.07964 -0.04852 -
ls22s22p29f 4n°5 / 2 9.08979 -0.04841 -
ls22s22p29f 2 p o5 / 2 9.25348 -0.04671 -
ls22s22p29f 4 p o  r  5 / 2 9.25979 -0.04665 -
ls 22s22p29h P b 9.26303 -0.04662 -
ls22s22p210p 4 ° V 2 9.55821 -0.04378 -
ls22s22p210p 4 p o5 / 2 9.75645 -0.04202 -
ls22s22p210p 2d °5 / 2 9.82126 -0.04147 -
ls22s22p210f 2d °5 / 2 9.98992 -0.04008 -
ls22s22p210f 2 p o5 / 2 10.11537 -0.03909 -
ls22s22p210f 4n°5 / 2 10.12579 -0.03901 -
ls 22s22p210f 2 p o  r  5 / 2 10.35547 -0.03730 -
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Table 5.10: continued
Effective Calculated Experimental
Configuration Quantum Number Energy (Ryd) Energy (Ryd)
ls22s22p210f 4F°5/2 10.36199 -0.03725 -
ls22s22p210h [3] 2 10.36551 -0.03723 -
Table 5.11: 0 +  J =  7/2° Bound State Energies
Effective Calculated Experimental
Configuration Quantum Number Energy (Ryd) Energy (Ryd)
ls22s22p23p 4D°/2 2.39694 -0.69622 -0.69501
[1D2]ls22s22p23p 2F°7/2 2.84757 -0.49330 -0.49686
ls22s22p24p 4D°7/2 3.43161 -0.33968 -0.33937
ls22s22p24f 4D°7/2 3.99028 -0.25122 -0.25134
ls22s22p24f 4G°7/2 3.99520 -0.25060 -0.25073
ls22s22p24f 2G°7/2 4.00039 -0.24995 -0.25006
ls22s22p24f 4F°7/2 4.02226 -0.24724 -0.24739
ls22s22p24f 2F°7/2 4.02394 -0.24703 -0.24721
ls22s22p25p 4D°7/2 4.45615 -0.20144 -0.20130
ls22s22p25f 4D°7/2 4.99052 -0.16061 -0.16068
ls22s22p25f 4G?/2 5.00207 -0.15987 -0.15993
ls22s22p25f 2G°7/2 5.00828 -0.15947 -0.15954
ls22s22p25f 4F°7/2 5.04142 -0.15738 -0.15746
ls22s22p25f 2F°7/2 5.04352 -0.15725 -0.15734
[1D2]ls22s22p24p 2F°7/2 5.14835 -0.15091 -0.15202
ls22s22p26p 4D°7/2 5.48584 -0.13292 -0.13285
ls22s22p26f 4D°7/2 5.99054 -0.11146 -
ls22s22p26f 4G°7/2 6.01361 -0.11061 -
ls22s22p26f 2G°7/2 6.02013 -0.11037 -
ls22s22p26h [4] i 6.02817 -0.11008 -
ls22s22p26f 4F°7/2 6.07241 -0.10848 -
ls22s22p26f 2F°7/2 6.07450 -0.10840 -
ls22s22p26h [3]2 6.07473 -0.10839 -
ls22s22p26h [4]2 6.07628 -0.10834 -
ls22s22p27p 4F>°/2 6.52600 -0.09392 -0.09388
ls22s22p27f 4D°7/2 6.99045 -0.08186 -
ls22s22p27f 4G°7/2 7.02985 -0.08094 -
ls22s22p27f 2G°7/2 7.03669 -0.08078 -
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Table 5.11: continued
Effective Calculated Experimental
Configuration Quantum Number Energy (Ryd) Energy (Ryd)
ls22s22p27h [4]i 7.04469 -0.08060 -
ls22s22p27f 4por  7/2 7.11755 -0.07896 -
ls22s22p27f 2f °,7/2 7.12005 -0.07890 -
ls 22s22p27h [3b 7.12042 -0.07890 -
ls22s22p27h W 2 7.12212 -0.07886 -
ls22s22p28p 4d ?/2 7.57981 -0.06962 -
[1D2]ls22s22p24f 2G°/2 7.69100 -0.06762 -0.06770
[1D2]ls22s22p24f 4F°7/2 7.71275 -0.06724 -0.06734
ls22s22p28f 4d °7/2 7.99038 -0.06265 -
ls22s22p28f 4 no7/2 8.05174 -0.06170 -
ls22s22p28f 2 po7/2 8.05883 -0.06159 -
ls22s22p28h [4]i 8.06684 -0.06147 -
ls22s22p28f 4tt>o7/2 8.17894 -0.05980 -
ls22s22p28f 2po7/2 8.18161 -0.05976 -
ls22s22p28h P b 8.18235 -0.05975 -
ls22s22p28h [4]2 8.18404 -0.05972 -
ls22s22p29p 4D?/2 8.65033 -0.05346 -
ls22s22p29f 4noU7/2 8.99032 -0.04949 -
ls22s22p29f 4 no 7/2 9.08013 -0.04852 -
ls22s22p29f 2poU7/2 9.08739 -0.04844 -
ls22s22p29h [4]! 9.09546 -0.04835 -
ls22s22p29f 4-rpo7/2 9.25925 -0.04666 -
ls22s22p29f 2t7o7/2 9.26206 -0.04663 -
ls22s22p29h [3] 2 9.26304 -0.04662 -
ls22s22p29h [4] 2 9.26475 -0.04660 -
ls22s22p210p 4D?/2 9.74066 -0.04216 -
ls22s22p210f 4d °7/2 9.99028 -0.04008 -
ls22s22p210f 4rioU7/2 10.11589 -0.03909 -
ls22s22p210f 2poW/2 10.12330 -0.03903 -
ls22s22p210h [4] l 10.13142 -0.03897 -
ls22s22p210f 4po r  7/2 10.36142 -0.03726 -
ls22s22p210f 2F?/2 10.36437 -0.03724 -
ls22s22p210h [3]2 10.36552 -0.03723 -
ls22s22p210h [4] 2 10.36728 -0.03722 -
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ls22s22p24f 4G°9/2 4.00022 -0.24997 -0.25008
ls22s22p24f 2G°9/2 4.01167 -0.24855 -0.24866
ls22s22p24f 4F"/2 4.02323 -0.24712 -0.24727
ls 22s22p25f AG°9/2 5.00794 -0.15949 -0.15956
ls22s22p25f 2G°9/2 5.03235 -0.15795 -0.15802
ls22s22p25f 4F£/2 5.04252 -0.15731 -0.15739
ls22s22p26h [5]o 5.99936 -0.11113 -
ls22s22p26f AG°9/2 6.01965 -0.11039 -
ls22s22p26h [4]i 6.02619 -0.11015 -
ls22s22p26h [5] i 6.02818 -0.11008 -
ls22s22p26f 2G°9/2 6.06440 -0.10876 -
ls 22s22p26f AF°/2 6.07355 -0.10844 -
ls22s22p26h [4]2 6.07628 -0.10834 -
ls22s22p26h [5)2 6.07734 -0.10830 -
ls22s22p27h [5]0 6.99929 -0.08165 -
ls22s22p27f AG°9/2 7.03609 -0.08080 -
ls22s22p27h [4] 1 7.04272 -0.08065 -
ls 22s22p27h [5] 1 7.04470 -0.08060 -
ls 22s22p27f 2G°9/2 7.10987 -0.07913 -
ls 22s22p27f AF°9/2 7.11875 -0.07893 -
ls22s22p27h [4] 2 7.12213 -0.07886 -
ls22s22p27h [5]2 7.12321 -0.07883 -
[1D2]ls22s22p24f AG°9/2 7.69116 -0.06762 -0.06770
[1D2]ls22s22p24f 2H°/2 7.83806 -0.06511 -0.06526
ls22s22p28h [5]o 7.99926 -0.06251 -
ls22s22p28f AG°9/2 8.05813 -0.06160 -
ls22s22p28h [4] 1 8.06487 -0.06150 -
ls22s22p28h [5] 1 8.06685 -0.06147 -
ls22s22p28f 2G°9/2 8.17142 -0.05991 -
ls22s22p28f 4F ‘/2 8.18020 -0.05978 -
ls 22s22p28h [4] 2 8.18517 -0.05970 -
ls 22s22p29h [5]o 8.99924 -0.04939 -
ls22s22p29f AG°9/2 9.08663 -0.04845 -
ls22s22p29h [4] 1 9.09346 -0.04837 -
ls22s22p29h [5] 1 9.09547 -0.04835 -
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Table 5.12: continued
Effective Calculated Experimental
Configuration Quantum Number Energy (Ryd) Energy (Ryd)
ls22s22p29f 2G°/2 9.25177 -0.04673 -
ls 22s22p29f 4F°/2 9.26057 -0.04664 -
ls 22s22p29h [4] 2 9.26477 -0.04660 -
ls 22s22p29h [5]2 9.26592 -0.04659 -
ls22s22p210h [5]o 9.99922 -0.04001 -
ls22s22p210f 4G°9/2 10.12248 -0.03904 -
ls 22s22p210h [4] i 10.12938 -0.03898 -
ls22s22p210h [5] i 10.13143 -0.03897 -
ls 22s22p210f 2G°9/2 10.35392 -0.03731 -
ls 22s22p210h [4] 2 10.36280 -0.03725 -
ls22s22p210f 4F°9/2 10.36849 -0.03721 -
Table 5.13: 0 +  J =  11/2° Bound State Energies
Effective Calculated Experimental
Configuration Quantum Number Energy (Ryd) Energy (Ryd)
ls22s22p24f 4G°n/2 4.01111 -0.24862 -0.24872
ls22s22p25f 4G°n/2 5.03147 -0.15801 -0.15807
ls 22s22p26h [6]o 5.99937 -0.11113 -
ls 22s22p26h [5] i 6.02620 -0.11015 -
ls 22s22p26h [6] i 6.02783 -0.11009 -
ls22s22p26f 4GJ1/2 6.06335 -0.10880 -
ls22s22p26h [6] 2 6.07727 -0.10830 -
ls22s22p27h [6]0 6.99930 -0.08165 -
ls22s22p27h [5]i 7.04273 -0.08064 -
ls22s22p27h [6] i 7.04436 -0.08061 -
ls22s22p27f 4G°u/2 7.10867 -0.07916 -
ls22s22p27h [5]2 7.12315 -0.07883 -
ls22s22p27h [6] 2 7.12322 -0.07883 -
[1D2]ls22s22p24f 4H°u/2 7.83832 -0.06510 -0.06526
ls 22s22p28h [6]0 7.99927 -0.06251 -
ls 22s22p28h [5]i 8.06489 -0.06150 -
ls22s22p28h [6] i 8.06641 -0.06148 -
ls22s22p28f 4G°u/2 8.17008 -0.05992 -
ls22s22p29h [6]o 8.99925 -0.04939 -
ls 22s22p29h [5] i 9.09347 -0.04837 -
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Table 5.13: continued
Effective Calculated Experimental
Configuration Quantum Number Energy (Ryd) Energy (Ryd)
ls 22s22p29h [6]i 9.09501 -0.04836 -
ls22s22p29f ■l p o11/2 9.25032 -0.04675 -
ls22s22p210h [6]o 9.99923 -0.04001 -
ls22s22p210h [5]i 10.12940 -0.03898 -
ls22s22p210h [6]i 10.13097 -0.03897 -
ls22s22p210f 4 p o11/2 10.35239 -0.03732 -








ls 22s2p4 4P^/2 1.63596 -1.49457 -1.48708
ls22s22p23s 4Pel/2 2.11168 -0.89703 -0.89337
ls22s22p23s 2Pelj2 2.15766 -0.85920 -0.86008
ls22s2p4 2Sj/2 2.26335 -0.78083 -0.79791
ls22s2p4 2P \/2 2.53685 -0.62154 -0.64252
[1S0]ls22s22p23s 2Sj/2 2.91071 -0.47213 -0.47989
ls22s22p23d 4Pel/2 2.94821 -0.46020 -0.46173
ls 22s22p23d 4D"/2 2.95016 -0.45959 -0.46073
ls22s22p23d 2P \/2 2.98379 -0.44929 -0.45314
ls22s22p24s 4P \j2 3.13374 -0.40732 -0.40682
ls 22s22p24s 2P"/2 3.20154 -0.39025 -0.39131
[1D2]ls22s22p23d 2P^/2 3.89455 -0.26372 -0.26865
ls22s22p24d 4D5/2 3.93916 -0.25778 -0.25902
ls22s22p24d 4P^/2 3.95609 -0.25558 -0.25614
ls22s22p24d 2P \/2 3.97009 -0.25378 -0.25506
[1D2]ls22s22p23d 2S^/2 4.02802 -0.24653 -0.25195
ls22s22p25s 4P^/2 4.14149 -0.23321 -0.23306
ls22s22p25s 2P^/2 4.20524 -0.22619 -0.22654
ls22s22p25d 4Delj2 4.93978 -0.16392 -
ls22s22p25d 4P^/2 4.97242 -0.16178 -
ls 22s22p25d 2Pelj2 4.97386 -0.16169 -
ls22s22p26s 4P J/2 5.14544 -0.15108 -0.15102
ls22s22p26s 2P \j2 5.21338 -0.14717 -0.14735
ls22s22p26d 4D^/2 5.94746 -0.11308 -
continued on next page
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Table 5.14: continued
Effective Calculated Experimental
Configuration Quantum Number Energy (Ryd) Energy (Ryd)
ls22s22p26d 4pe1/2 5.99584 -0.11127 -
ls22s22p26d 2pe1/2 5.99996 -0.11111 -
ls22s22p27s 4pe1/2 6.14552 -0.10591 -
ls 22s22p27s 2pe1/2 6.22455 -0.10324 -
ls22s22p27d 4DeUl/2 6.92529 -0.08340 -
ls22s22p27d 4pe1/2 6.97075 -0.08232 -
ls22s22p27d 2pe1/2 7.03833 -0.08075 -
ls22s22p28s 4pe1/2 7.11196 -0.07908 -
[5S0]ls22s22p23p 6Pel/2 7.23213 -0.07648 -
ls22s22p28s 2pe1/2 7.26795 -0.07572 -
[1D2]ls22s22p24d 2P*/2 7.67947 -0.06783 -
[1D2]ls22s22p24d 2Sel/2 7.89962 -0.06410 -
ls 22s22p28d 4pve1/2 7.98639 -0.06271 -
ls22s22p28d 4pe1/2 8.10801 -0.06085 -
ls 22s22p28d 2pe1/2 8.11794 -0.06070 -
ls22s22p29s 4pe1/2 8.18227 -0.05975 -
ls22s22p29s 2pe1/2 8.26533 -0.05855 -
ls22s22p29d 4De1/2 9.01197 -0.04925 -
ls22s22p210s 4pe1/2 9.14882 -0.04779 -
ls22s22p29d 4pe1/2 9.18200 -0.04744 -
ls22s22p29d 2pe1/2 9.21749 -0.04708 -
ls 22s22p210s 2pe1/2 9.29541 -0.04629 -
ls22s22p210d 4r\e1/2 10.04645 -0.03963 -
ls 22s22p210d 4pe1/2 10.27343 -0.03790 -
ls22s22p210d 2pe1/2 10.30697 -0.03765 -
Table 5.15: 0 + J =  3/2e Bound State Energies
Effective Calculated Experimental
Configuration Quantum Number Energy (Ryd) Energy (Ryd)
ls22s2p4 4P^/2 1.63532 -1.49573 -1.48783
1 s 2 2 s 2 P 4 2D^/2 1.94408 -1.05835 -1.06868
ls22s22p23s 4P^/2 2.11311 -0.89581 -0.89241
ls22s22p23s 2P^/2 2.16028 -0.85712 -0.85844
[1D2]ls22s22p23s 2D^/2 2.40656 -0.69066 -0.69528
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ls22s2p4 2P*/2 2.53235 -0.62375 -0.64406
ls22s22p23d 4F*/2 2.90961 -0.47249 -0.47363
ls22s22p23d 4P^/2 2.94653 -0.46072 -0.46233
ls22s22p23d 4D^/2 2.95079 -0.45939 -0.46042
ls22s22p23d 2P^/2 2.97995 -0.45045 -0.45418
ls22s22p23d 2D"/2 3.00221 -0.44379 -0.44532
ls22s22p24s 4P^/2 3.13763 -0.40631 -0.40586
ls22s22p24s 2P^/2 3.20877 -0.38849 -0.38960
[1D2]ls22s22p23d 2D*/2 3.84756 -0.27020 -0.27542
[1D2]ls22s22p23d 2P*/2 3.89417 -0.26377 -0.26863
ls22s22p24d 4F^/2 3.89902 -0.26312 -0.26366
ls 22s22p24d 4D*/2 3.93957 -0.25773 -0.25870
ls22s22p24d 4P*/2 3.95371 -0.25589 -0.25633
ls22s22p24d 2P^/2 3.96288 -0.25471 -0.25604
ls22s22p24d 2D^/2 4.00603 -0.24925 -0.24994
ls22s22p25s 4P^/2 4.15013 -0.23224 -0.23211
ls22s22p25s 2P^/2 4.22207 -0.22439 -0.22476
[1D2]ls22s22p24s 2D^/2 4.28935 -0.21741 -0.21855
ls22s22p25d 4F^/2 4.89748 -0.16677 -
ls22s22p25d 4D^/2 4.93862 -0.16400 -
ls22s22p25d 4P^/2 4.95749 -0.16276 -
ls22s22p25d 2P*/2 4.96940 -0.16198 -
ls22s22p25d 2D^/2 5.01815 -0.15884 -
ls22s22p25g [2]2 5.03850 -0.15756 -0.15757
ls22s22p26s 4P^/2 5.16171 -0.15013 -0.15007
ls22s22p26s 2P^/2 5.24565 -0.14536 -0.14555
[5S2]ls22s22p23p 6P^/2 5.26129 -0.14450 -0.14131
ls22s22p26d 4F*/2 5.89910 -0.11494 -
ls 22s22p26d 4D^/2 5.94351 -0.11323 -
ls22s22p26d 4P^/2 5.96921 -0.11226 -
ls22s22p26d 2? 3 / 2 5.99335 -0.11136 -
ls 22s22p26d 2D*/2 6.04008 -0.10964 -
ls22s22p26g [2]2 6.07130 -0.10852 -0.10854
ls22s22p27s 4P^/2 6.17303 -0.10497 -
ls22s22p27s 2P^/2 6.27973 -0.10143 -
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Table 5.15: continued
Effective Calculated Experimental
Configuration Quantum Number Energy (Ryd) Energy (Ryd)
ls22s22p27d 4pe3/2 6.89801 -0.08406 -
ls22s22p27d 4pve3/2 6.91452 -0.08366 -
ls22s22p27d 4pe3/2 6.97210 -0.08229 -
ls22s22p27d 2pe3/2 6.99599 -0.08173 -
ls22s22p27d 2D3/2 7.06953 -0.08003 -
ls22s22p27g [2)2 7.11695 -0.07897 -
[5S2]ls22s22p23p 4P 3 /2 7.13209 -0.07864 -
ls22s22p28s 4pe3/2 7.26977 -0.07569 -
ls22s22p28s 2pe3/2 7.33165 -0.07441 -
[1D2]ls22s22p24d 2D^/2 7.39820 -0.07308 -
[1D2]ls22s22p24d 2P*/2 7.68043 -0.06781 -
ls22s22p28d 4pe3/2 7.90505 -0.06401 -
ls22s22p28d 4De3/2 7.97192 -0.06294 -
ls22s22p28d 4pe3/2 7.98753 -0.06270 -
[1S0]ls22s22p23d 2D*/2 8.05059 -0.06172 -0.06640
ls22s22p28d 2pe3/2 8.11753 -0.06070 -
ls22s22p28d 2D?/2 8.17317 -0.05988 -
ls22s22p28g [2]2 8.17871 -0.05980 -
ls22s22p29s 4pe3/2 8.23690 -0.05896 -
ls22s22p29s 2peP 3 / 2 8.39349 -0.05678 -
ls22s22p29d 4pe3/2 8.90764 -0.05041 -
ls22s22p29d 4n e3 / 2 9.00701 -0.04931 -
ls22s22p29d 4pe3/2 9.04731 -0.04887 -
ls22s22p29d 2pe3/2 9.18814 -0.04738 -
ls22s22p29d 2d I/2 9.21771 -0.04708 -
ls22s22p29g [2]a 9.25929 -0.04666 -
ls22s22p210s 4pe3/2 9.26706 -0.04658 -
[1D2]ls22s22p25s 2D"/2 9.30747 -0.04617 -0.04672
ls22s22p210s 2pe3/2 9.47727 -0.04453 -
ls22s22p210d 4pe r  3/2 9.90958 -0.04073 -
ls22s22p210d 4DeU3/2 10.03997 -0.03968 -
ls22s22p210d 4pe3/2 10.08182 -0.03935 -
ls22s22p210d 2pe3/2 10.30246 -0.03769 -
ls22s22p210d 2D|/2 10.32751 -0.03750 -
ls22s22p210g [2]a 10.36168 -0.03726 -
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ls22s2p4 4P^/2 1.63426 -1.49768 -1.48932
ls22s2p4 2D^/2 1.94420 -1.05823 -1.06875
ls22s22p23s 4P^/2 2.11537 -0.89390 -0.89096
[1D2]ls22s22p23s 2D^/2 2.40662 -0.69063 -0.69529
ls22s22p23d 4F^/2 2.91158 -0.47185 -0.47314
ls 22s22p23d 4P*/2 2.94374 -0.46159 -0.46300
ls22s22p23d 4D*/2 2.95102 -0.45932 -0.46040
ls22s22p23d 2F^/2 2.95305 -0.45869 -0.45996
ls22s22p23d 2D"/2 3.00431 -0.44317 -0.44485
ls22s22p24s 4P^y2 3.14363 -0.40476 -0.40439
[1D2]ls22s22p23d 2F^/2 3.73480 -0.28676 -0.29203
[1D2]ls22s22p23d 2D^/2 3.84788 -0.27016 -0.27540
ls22s22p24d 4F*/2 3.90310 -0.26257 -0.26320
ls22s22p24d 4D^/2 3.93924 -0.25777 -0.25857
ls22s22p24d 4P*/2 3.95013 -0.25635 -0.25667
ls22s22p24d 2F^/2 3.96750 -0.25411 -0.25487
ls22s22p24d 2D eb/2 4.01048 -0.24869 -0.24944
ls22s22p25s 4P^/2 4.16383 -0.23071 -0.23060
[1D2]ls22s22p24s 2D*/2 4.28939 -0.21740 -0.21855
ls22s22p25d 4F*/2 4.90414 -0.16632 -
ls22s22p25d 4D^/2 4.93928 -0.16396 -
ls22s22p25d 4P^/2 4.96048 -0.16256 -
ls22s22p25d 2F§/2 4.96468 -0.16228 -
ls22s22p25g [3] i 5.01548 -0.15901 -0.15902
ls22s22p25d 2D*/2 5.02602 -0.15835 -
ls22s22p25g [2]2 5.03852 -0.15756 -0.15757
ls22s22p25g [3]2 5.04263 -0.15731 -0.15732
ls22s22p26s 4P*/2 5.18850 -0.14859 -0.14853
[5S2]ls22s22p23p 6P^/2 5.26411 -0.14435 -0.14125
ls22s22p26d 4Fe5/2 5.90786 -0.11460 -
ls22s22p26d 4D^/2 5.94269 -0.11327 -
ls22s22p26d 4P^/2 5.96537 -0.11241 -
ls22s22p26d 2F^/2 5.98944 -0.11150 -
ls22s22p26g [3] i 6.02740 -0.11010 -0.11011
ls22s22p26d 2D^/2 6.05182 -0.10922 -
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ls22s22p26g [2]2 6.07132 -0.10852 -0.10854
ls22s22p26g [3]2 6.07474 -0.10839 -0.10840
ls22s22p27s 4Pe5/2 6.21974 -0.10340 -
ls22s22p27d 4Fe5/2 6.88606 -0.08436 -
ls22s22p27d 4De5/2 6.91624 -0.08362 -
ls 22s22p27d 4Pe5/2 6.95118 -0.08278 -
ls22s22p27d 2F^/2 7.00854 -0.08143 -
ls 22s22p27g [3] 1 7.04400 -0.08062 -
ls22s22p27d 2De5j2 7.07949 -0.07981 -
ls22s22p27g [2] 2 7.11697 -0.07897 -
ls 22s22p27g [3]2 7.12041 -0.07890 -
[5S2]ls22s22p23p 4P^/2 7.14674 -0.07831 -
[1D2]ls22s22p24d 2F^/2 7.24735 -0.07616 -
ls22s22p28s 4Pg^2 7.31983 -0.07465 -
[1D2]ls22s22p24d 2D^/2 7.40028 -0.07304 -
ls22s22p28d 4F^/2 7.91776 -0.06381 -
ls22s22p28d 4D^/2 7.96631 -0.06303 -
ls22s22p28d 4P^/2 8.01073 -0.06233 -
ls22s22p28d 2F*/2 8.04390 -0.06182 -
ls22s22p28g [3] 1 8.06617 -0.06148 -
ls22s22p28d 2D*/2 8.10319 -0.06092 -
ls22s22p28g [2J2 8.17873 -0.05980 -
[1S0]ls22s22p23d 2De5/2 8.18218 -0.05975 -0.06557
ls22s22p28g [3]2 8.18740 -0.05967 -
ls22s22p29s 4Pe5/2 8.34984 -0.05737 -
ls 22s22p29d 4F"/2 8.92276 -0.05024 -
ls22s22p29d 4D l j2 9.01623 -0.04920 -
ls22s22p29d 4P^/2 9.04291 -0.04892 -
ls22s22p29g [3] 1 9.09479 -0.04836 -
ls22s22p29d 2F^/2 9.17689 -0.04750 -
ls22s22p29d 2D"/2 9.23990 -0.04685 -
ls 22s22p29g [2]2 9.25931 -0.04666 -
ls22s22p29g [3]2 9.26280 -0.04662 -
[1D2]ls22s22p25s 2D^/2 9.30797 -0.04617 -0.04671
ls22s22p210s 4P^/2 9.43070 -0.04498 -
ls22s22p210d 4F"/2 9.92400 -0.04061 -
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ls 22s22p210d 4De5 /2 10.04919 -0.03961 -
ls 22s22p210d 4 p e5 /2 10.07530 -0.03940 -
ls22s22p210g [3]i 10.13075 -0.03897 -
ls22s22p210d 2 p e5 /2 10.27548 -0.03788 -
ls 22s22p210d 2De5 /2 10.33793 -0.03743 -
ls22s22p210g P]2 10.36171 -0.03726 -
ls 22s22p210g P k 10.36523 -0.03723 -








ls22s22p23d 4 p e7 /2 2.91427 -0.47098 -0.47243
ls22s22p23d 4De7 /2 2.95243 -0.45888 -0.46035
ls22s22p23d 2 p e7 /2 2.95876 -0.45692 -0.45847
[1D2]ls22s22p23d 2F^/2 3.73481 -0.28676 -0.29205
[1D2]ls22s22p23d 2Ge7/2 3.82457 -0.27346 -0.27941
ls22s22p24d 4 p e7 /2 3.90889 -0.26179 -0.26236
ls22s22p24d 4De7 /2 3.94635 -0.25684 -0.25744
ls22s22p24d 2 p e  r  7 /2 3.97952 -0.25258 -0.25338
ls22s22p25d 4 p e  r  7 /2 4.91509 -0.16558 -
ls22s22p25d 4De7 /2 4.95700 -0.16279 -
ls22s22p25d 2 p e  r  7 /2 4.98603 -0.16090 -
ls22s22p25g [4]o 4.99785 -0.16014 -0.16015
ls22s22p25g [3]i 5.01165 -0.15926 -0.15926
ls22s22p25g Wi 5.01550 -0.15901 -0.15902
ls22s22p25g [3]2 5.04266 -0.15731 -0.15731
ls22s22p25g P k 5.04491 -0.15716 -0.15718
[5S2]ls22s22p23p 6P* 5.26881 -0.14409 -0.14113
ls22s22p26d 4 ™7 /2 5.92715 -0.11386 -
ls22s22p26d 4d ?/2 5.98203 -0.11178 -
ls22s22p26g [4]o 5.99788 -0.11119 -0.11120
ls22s22p26d 2 p e7 /2 6.01023 -0.11073 -
ls22s22p26g [3]i 6.02366 -0.11024 -0.11026
ls22s22p26g [4]i 6.02743 -0.11010 -0.11011
ls22s22p26g P k 6.07476 -0.10839 -0.10840
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ls22s22p26g [4]2 6.07697 -0.10831 -0.10832
ls22s22p27d 4 p e7 /2 6.94001 -0.08305 -
ls22s22p27g Wo 6.99775 -0.08169 -
ls 22s22p27d 4D?/2 7.00748 -0.08146 -
ls22s22p27d 2pe r  7 /2 7.02620 -0.08102 -
ls22s22p27g [3]i 7.04002 -0.08071 -
ls22s22p27g [4]. 7.04403 -0.08062 -
ls22s22p27g [3]* 7.12043 -0.07889 -
ls22s22p27g [4] 2 7.12281 -0.07884 -
[1D2]ls22s22p24d 2F*/2 7.25824 -0.07593 -
[1D2]ls22s22p24d 2Ge7/2 7.40236 -0.07300 -
ls22s22p28d 4 p e  r  7 /2 7.96844 -0.06300 -
ls22s22p28g Wo 7.99773 -0.06254 -
ls22s22p28g [3]! 8.06204 -0.06154 -
ls22s22p28g [4]i 8.06619 -0.06148 -
ls22s22p28d 4D?/2 8.08130 -0.06125 -
ls22s22p28d 2T?e7 /2 8.13221 -0.06048 -
ls22s22p28g [3]o 8.18221 -0.05975 -
ls22s22p28g Wo 8.18468 -0.05971 -
ls22s22p29d 4r?e7 /2 8.99623 -0.04942 -
ls22s22p29g Wo 8.99771 -0.04941 -
ls22s22p29g [3]i 9.09058 -0.04840 -
ls 22s22p29g [4]i 9.09482 -0.04836 -
ls22s22p29d 4 p )e7 /2 9.15831 -0.04769 -
ls22s22p29d 2T?e7 /2 9.20405 -0.04722 -
ls22s22p29g [3]2 9.26282 -0.04662 -
ls22s22p29g Wo 9.26536 -0.04659 -
ls22s22p210g Wo 9.99766 -0.04002 -
ls22s22p210d 4 p e  r  7 /2 10.03159 -0.03975 -
ls22s22p210g [3] i 10.12648 -0.03901 -
ls22s22p210g W i 10.13078 -0.03897 -
ls22s22p210d 4d ?/2 10.25738 -0.03802 -
ls22s22p210d 2 p e7 /2 10.30213 -0.03769 -
ls22s22p210g [3]o 10.36526 -0.03723 -
ls22s22p210g W2 10.36787 -0.03721 -
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ls22s22p23d 9 /2 2.91763 -0.46990 -0.47149
[1D2]ls22s22p23d 2Geg/2 3.82473 -0.27344 -0.27942
ls22s22p24d 4ue9 /2 3.91641 -0.26079 -0.26136
ls22s22p25d 4i7ie9 /2 4.93173 -0.16446 -
ls22s22p25g Wo 4.99788 -0.16014 -0.16014
ls22s22p25g w . 5.01167 -0.15926 -0.15926
ls22s22p25g [5]1 5.01486 -0.15905 -0.15906
ls22s22p25g Wa 5.04493 -0.15716 -0.15718
ls22s22p25g Wa 5.04511 -0.15715 -0.15716
ls 22s22p26d 4pe9 /2 5.96038 -0.11259 -
ls22s22p26g Wo 5.99792 -0.11119 -0.11120
ls22s22p26g Wx 6.02367 -0.11024 -0.11026
ls22s22p26g [5]i 6.02669 -0.11013 -0.11014
ls22s22p26g Wa 6.07699 -0.10831 -0.10831
ls22s22p26g Wa 6.07714 -0.10831 -0.10831
ls22s22p27g Wo 6.99771 -0.08169 -
ls22s22p27d 4pe9 /2 7.00324 -0.08156 -
ls22s22p27g Wi 7.04005 -0.08071 -
ls22s22p27g Wi 7.04322 -0.08063 -
ls22s22p27g Wa 7.12208 -0.07886 -
ls22s22p27g [5]a 7.12299 -0.07884 -
[1D2]ls22s22p24d 2G U 7.40254 -0.07300 -
ls22s22p28g Wo 7.99774 -0.06254 -
ls22s22p28g Wi 8.06114 -0.06156 -
ls22s22p28d 4cie9 /2 8.06309 -0.06153 -
ls22s22p28g Wi 8.06535 -0.06149 -
ls22s22p28g Wa 8.18376 -0.05972 -
ls22s22p28g [5]2 8.18456 -0.05971 -
ls22s22p29g Wo 8.99770 -0.04941 -
ls22s22p29g Wx 9.09059 -0.04840 -
ls22s22p29g Wi 9.09395 -0.04837 -
ls22s22p29d 4-i?e9 /2 9.13994 -0.04788 -
ls22s22p29g Wa 9.26438 -0.04660 -
ls22s22p29g Wa 9.26538 -0.04659 -
ls22s22p210g Wo 9.99768 -0.04002 -
ls22s22p210g Wx 10.12649 -0.03901 -
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ls22s22p25g 5]i 5.01488 -0.15905 -0.15906
ls22s22p25g 5] 2 5.04034 -0.15745 -0.15745
ls22s22p25g 6] 2 5.04513 -0.15715 -0.15716
ls22s22p26g 5]i 6.02671 -0.11013 -0.11014
ls22s22p26g 5]2 6.07298 -0.10846 -0.10847
ls22s22p26g .6] 2 6.07715 -0.10831 -0.10831
ls22s22p27g 5]i 7.04323 -0.08063 -
ls22s22p27g 5]2 7.11871 -0.07893 -
ls22s22p27g 6] 2 7.12265 -0.07885 -
ls22s22p28g 5]i 8.06693 -0.06147 -
ls22s22p28g 5] 2 8.18052 -0.05977 -
ls22s22p28g 6] 2 8.18457 -0.05971 -
ls22s22p29g 5]i 9.09396 -0.04837 -
ls22s22p29g 5] 2 9.26115 -0.04664 -
ls22s22p29g 6] 2 9.26552 -0.04659 -
ls22s22p210g [5]i 10.12990 -0.03898 -
ls22s22p210g [5)2 10.36358 -0.03724 -
ls22s22p210g [6]2 10-36807 -0.03721 -
5 .3 .4  O u ter  re g io n  co d es
The free state code, STGF was used to determine solutions in the outer region and used 
quantum defect theory to determine resonance positions and widths, throughout the 
energy range of interest.
STGF, contains various options for generating an energy mesh on which the final 
photoionisation cross-sections are based. The form of the mesh depends in tu rn  on
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the kind of mesh that is used to search for resonances in the scattering matrix. A 
straightforward quantum defect mesh is not always accurate enough for the detailed 
determination of resonance parameters. For highly accurate results an impossibly small 
step in effective quantum number would have to be used.
For 0 + , four types of mesh were used, dependent on where in the energy range the 
point under consideration lay. The most effort was concentrated in the region above 
the 3P 2 threshold and up to 1 / n ^ ax below the *D threshold, since this region contained 
the major contribution to the recombination to the various states, at the energies of 
interest. Once the photoionisation cross-sections had been obtained for the various 
regions described below, the files were combined into one cross-section file, with states 
designated by J7r and the index previously established in the bound state energy file.
Free state mesh: below the 3P 2 threshold
In this small region between the 3Po threshold and the 3P 2 threshold, the high density 
of resonances made a fully resolved treatm ent of the cross-sections impossible. We used 
the following two methods to generate photoionisation cross-sections. Between the 3P i 
and 3P 2 thresholds, we use Gailitis averaging to generate 100 energy points. In the 
region between the 3Po threshold and the 3Pi threshold, we calculated two points using 
the RmaX codes, one immediately above the 3P 2 threshold and another above the 3P i 
threshold, ensuring tha t these points accurately reflected the cross-section continuum. 
Using these two points as the basis, a linear extrapolation was performed down to the 
3P 0 threshold, giving 100 points in this region.
In figure 5.1, I present an example of the cross-section in this region, demonstrating 
the good agreement these two methods give when compared to the region above the 3P 2 
threshold. We discuss in detail in chapter 7, the method used to include low tem perature 
dielectronic recombination in the total recombination rates onto states with L  > 3, from 
autoionising states lying within the 3P term. The treatm ent relies on the generation of 
the photoionisation cross-sections described in this section.
Free state mesh: betw een the 3P 2 and XD thresholds
As mentioned above, this region requires the most precise treatm ent as it is the region 
with the largest contribution to radiative recombination at nebular energies. To establish 
resonance positions, an initial mesh was established with a fixed energy step, small
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Figure 5.1: Photoionisation cross-section of the 2p3 4S£/2 state showing the linear extrapolation 
(Red) and Gailitis averaging (Black) regions used within the 3P parent. Includes first few points 
of the RESMESH region (Blue) for comparison
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enough to provide sufficient resolution to locate all the resonance positions in the energy 
region of interest. A value of 2.5 x 10~6 Z-scaled Rydbergs was used. This value was 
reached through gradually decreasing the step size until all resonances detected were 
resolved from each other. The resonance positions and widths were written to a file and 
saved.
Once the initial fixed energy search for resonances had been completed and those 
resonances for which bni was too small had been eliminated, the file containing resonance 
positions and widths was fed into the program RESMESH [94] detailed in chapter 3. In 
the case of 0 + , RESMESH requires the initial J7r, the maximum step size h, the energy 
range and the error index, P , such tha t the maximum error on the integration is smaller 
than 10-p .
Once the entire energy range has been mapped in this fashion, STGF is run again 
and final state radial wavefunctions obtained at the energies calculated by RESMESH.
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As before, the assumption of the Lorentzian profile is good for isolated resonances with 
little background. There exist regions in the cross-sections where the assumption might 
not be so good. To check this, all the cross-sections were closely examined for signs of 
resonances tha t were not well mapped, but none were found.
One problem that arose was that of interlopers from the higher XS and 5S° parent 
states. As mentioned before, in the region below a particular threshold, RESMESH 
cannot calculate resonances that come from the higher thresholds, these having been 
eliminated by the use of contracted matrices. Below the *D threshold there were eleven 
resonances from XS and 5S° parent states. As they did not appear in the resonance list 
produced by STGF, they had to be mapped by hand from the photoionisation cross- 
section and their position and width deduced. These were inserted into the resonance 
list and the cross-section recalculated. Better values of the position and width were 
obtained and the process repeated until the value had stabilised.
The final step in this region was to remove artifacts, I will describe as ’hotspots’, from 
the photoionisation cross-sections. These hotspots consist of large single point jumps 
in the cross-section, followed by a return to the correct values in the subsequent. They 
are removed using a scanning program which looks for individual energy points showing 
very large cross-sections when compared to their neighbours. Once these hotspots are 
found, the program is rerun in a ’killing’ rather than ’hunting’ mode to remove these 
points. W ith all these stages complete, this region contains 9271 energy points.
From ~  (1 / n ^ ax) below the XD threshold, to the threshold, Gailitis averaging is used 
2.9.3.
Free state mesh: between the *D and XS thresholds
In the region above the XD threshold, a quantum defect mesh was used up to UAlmax) 
below the next threshold ^S). The same degree of accuracy as the previous region is not 
required since the major contribution to the recombination, even at higher temperatures, 
comes from below the *D threshold. However, accuracy was still a concern so a step 
in effective quantum  number was chosen tha t put 1000 points between each integer 
quantum number, relative to the next threshold. This results in the photoionisation 
cross-sections having 6167 energy points in this region.
From ~  (1 /n^nax) below the XS threshold, to the threshold, Gailitis averaging is again 
used (2.9.3).
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Free state mesh: above the *S threshold
Above the *S threshold, a fixed energy mesh was used to cover the region up to the 
5S° threshold. This region provides a small percentage of the recombination at nebular 
tem peratures and was thus treated with a fairly coarse mesh. The mesh consisted of 201 
points with a step size of 1.95 x 10~4 Z-scaled Rydbergs.
5.3 .5  P h o to io n isa tio n  cross-sections : som e resu lts
Figures 5.2 and 5.3 illustrate the mapping of the first two strong resonances in the 
2s22p3 4S^ 2  total photoionisation cross-section. The respective Opacity Project and 
Nahar [58] cross-sections are included for comparison. The figure clearly shows the 
differences in resolution, width and energy the calculated photoionisation cross-sections 
have compared to the previous work, For example, the step size of Nahar is fixed at 
0.0002 Ryd in figure 5.3, whereas the smallest step size used over the resonance from the 
adaptive mesh used in this work is 0.000008 Ryd. In figure 5.4, I present a plot showing 
the partial photoionisation cross-sections of the five parent states of the 2p4 4P i / 2  state, 
along with the total photoionisation cross-section.
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Figure 5.2: 2s22p3 4S° 0 + Photoionisation cross-section, showing first resonance, with OP cross- 











Figure 5.3: 2s22p3 4S° 0 + Photoionisation cross-section, showing second resonance, with OP 




























Figure 5.4: 0+ 2p4 4P i/2 partial photoionisation cross-sections from the five parent states, including total cross-section
4 4
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5.4 Conclusions
Figure 5.5 and 5.6 show photoionisation cross-sections for the sixteen lowest energy 
states of 0 + , as examples of the resolution and range of the 667 total photoionisation 
cross-sections generated in this work.
5.4 Conclusions
In this chapter, I present the method and results used to generate state energies and 
photoionisation cross-sections for the 0 + ion, using the R-m atrix methods described 
in chapter 2. The photoionisation cross-sections include all states with J  < 11/2 and 
principal quantum  number n < 10, and are calculated as partial cross-sections to the 
first five parent states of the 0 2+ parent ion.
The figures presented in this chapter show the marked improvement in the total pho­
toionisation cross-sections compared to those of the Opacity Project [16]. All resonances 
are well mapped, with the cross-sections showing excellent resolution. The resolution 
is especially good in the region between the 3P 2 and XD thresholds, where an adaptive 
energy mesh was generated using the program RESMESH [94]. The two treatm ents in 
the region within the 3P parent of the 0 2+ parent ion allow us to include a treatm ent 
of low tem perature dielectronic recombination in the following chapters. In the next 




Figure 5.5: 0 + photoionisation cross-sections for low lying states








































Figure 5.6: 0 + photoionisation cross-sections for low lying states




































O II state populations
6.1 Introduction
W ith the new atomic data presented in chapter 5, we can now solve the 0 + state 
population problem at nebular conditions. This chapter presents a new intermediate 
coupling treatm ent of the capture-cascade problem of O '1'. I detail the approximations 
used to evaluate the radiative and collisional processes, and present wavelengths and 
nebular condition dependent effective recombination coefficients.
0  II effective recombination coefficients have been presented by a number of work­
ers in the past two decades. Nussbaumer and Storey [65] detailed a treatm ent of line 
formation by low tem perature dielectronic recombination, without including radiative 
recombination processes. Pequignot et al. [70] then presented a treatm ent of radiative 
recombination, without including the dielectronic recombination. The first workers to 
combine the two sets of processes were Smits [87] and Storey [93]. Smits treated a ra­
diative recombination problem, then including the work of Nussbaumer and Storey [65] 
to account for dielectronic recombination, and also including an approximation for the 
effects of collisional processes. In this work, Smits detailed an effective application of 
the results to old nova shells. However, this work is restricted to electron temperatures 
below 2500K.
Storey [93] presented a unified approach to treating both the radiative and dielec­
tronic processes in the same calculation, making use of the atomic data of the Opacity 
Project [16]. In this work, collisional processes are also taken into account using the
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methods presented by Hummer and Storey [41]. Liu et al. [49] extend this treatm ent 
in analysing the spectra of the planetary nebula NGC 7009. They perform a partial 
intermediate coupling treatm ent for O II, for the levels of the (3P)4f, (3P)3d and (3P)3p 
electron configurations. The resulting comparison with their observations of NGC 7009 
shows a much better agreement between the intermediate coupling theoretical results 
than the LS-coupling results.
All of this previous work, with the exception of Liu et al. [49], was based on the 
LS-coupling approximation. In objects like H n regions and low density planetary neb­
ulae, the population of the ground term fine structure of O ill is poorly represented by 
a Boltzmann distribution. The LS-coupling approximation tacitly assumes a statistical 
distribution of population among 3P j  levels gives satisfactory results for low lying states, 
but this does not give accurate results for some significant states in ions like 0  II (e.g. 
(3P)3d-4f transitions [104] and the (3P)3s-3p VI multiplet [100]). Thus a new interme­
diate coupling treatm ent is im portant to allow a better understanding of the conditions 
in nebular plasmas.
6.2 O n  recom bination coefficients
Two approximations are used to determine O II recombination coefficients in this thesis. 
In the region n  < 10, L < 4, we obtain the recombination coefficient directly by inte­
grating the appropriate R-matrix photoionisation cross-sections described in chapter 5. 
For all other states, a hydrogenic recombination coefficient is used.
6.2.1 R ecom b in ation  coeffic ien ts : general th eo ry
Detailed balance arguments, mean tha t the cross-section for recombination from state i 
of the N-electron ion, to state /  of the (N  -f l)-electron ion can be written in terms of 
the cross-section for photoionisation from state /  to level i as, [38],
where g/  is the statistical weight of state f , g i  is the statistical weight of state i, e =  hv  
is the photon energy, p is the momentum of the free electron and c is the speed of light. 
The rate coefficient for recombination is given by,
(6 .2 )
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where f ( v )  is the Maxwell-Boltzmann distribution function,
[ 2m3 1 2 2 /  m<l;2 \  > tc
/(t<) V eXV\ 2 k f e )  (6'3)
Rewriting equation 6.2, the recombination coefficient to the state / ,  is given by,
^ ( - f t ) < 6 - 4 )
where crfy(z') is the photoionisation cross-section at frequency z/, iVi is the iV-electron 
ion density, ATe is the electron density and N j  is given by the Saha equation,
= §  ( ^ f t f t ) 2 exp (x / )  (6-5)
Hence the recombination coefficient is given by,
(2^ ) 2 e x p ( x f ) I n  p (-ft) ^  (6-6>
This is the basic form of the equation used to obtain recombination coefficients for the 
various approximations to ofy(z').
6 .2 .2  R e c o m b in a tio n  co effic ien ts: R -m a tr ix  c r o ss -se c t io n s
Chapter 5 detailed the calculation of accurate total and partial photoionisation cross- 
sections for the ground and excited states of 0 2+, where J  < 11/2, n < 10, / < 4 .  
The photoionisation cross-sections produced by STGBF are tabulated as a function of 
photon energy, E ph. Writing the initial state z, in terms of n, I and J , and putting 
X f  — I n i j / k T e , where I n u  is the ionisation energy of the initial state relative to the 3Po 
threshold,
Eph =  I n i J  +  E f  (6.7)
where Ef  is the free electron energy. The integral in 6.6 becomes,
E 2vh< u ( E s )  exp ( -  InUk TeE l )  d E ,  (6.8)
Putting,
G(Ef ) = E f a l A E , )  exp (6-9)
Equation (6.6) can then be written,
3
arn, j(Te) = 2.061850776 x 10-13S„ ,j ( ^ - )  2 J ™  G (E j )d E ,  (6.10)
and this is the form used in the integration. The function, G( Ef )  is tabulated at each
energy point and the integration is evaluated from the (3Po) threshold up to 1 lr?max 
below the ^So) threshold using Simpson’s 3-point rule.
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6 .2 .3  W ith in  th e  3P  parent
W ithin the 3P parent, the contribution by dielectronic recombination to the total recom­
bination onto a state is shown to become significant at low tem peratures by Zatsarinnay 
et al. [112], due to recombination into high lying bound states of the 3P i and 3P 2 parents 
from 3P 0 and 3Po,i continuum states respectively. We introduce a treatm ent of this low 
tem perature dielectronic recombination.
General considerations
Consider a state a  with equilibrium equations given by,
N a E  “I" E  a N a> R aa< — Ca (6.11)
a'
or in m atrix form,
R N  =  C (6.12)
where, in the model of Hummer and Storey [41], R aa> contains spontaneous radiative 
transition probabilities and collisional excitation and de-excitation. An incident radia­
tion field with dilution factor W  can also be incorporated. Ca contains radiative and 
three body recombination. R aa> also contains the rate coefficient for collisional ionisa­
tion.
In the Hummer and Storey model, states are characterised by nl = a  and the cal­
culation has two stages. In the first, a = n  and rates are averaged over Z, to obtain 
departure coefficients, b(n)n- 1)00. In the second stage, a = nl and b(nl) are calculated 
by an iterative scheme, in which b(nl) =  b(n) for n  > some limit (no). For n < no, 
b(nl) is calculated for successively lower n, still including all radiative and collisional 
processes.
In earlier treatm ents of complex ions, hydrogenic b(nl) are used as a starting point 
for a treatm ent in which low n states are labelled by quantum  numbers SLir and only 
radiative processes are included. Low n therefore means n  < n c, where n =  nc is the 
point where collisional processes become significant (greater than five percent of the 
radiative processes).
Extension to dielectronic recombination and alternative coupling schemes
We now want to extend to a scheme characterised by,
a  =  Jcn j J  (6.13)
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where Jc is the angular momentum of the parent state, n  is the principal quantum 
number of the valence electron, j  is the angular momentum of the valence electron and 
J  is the total angular momentum of the system.
We would also like to include dielectronic capture and autoionisation to the equilib­
rium equations. In general there will be multiple continua accessible from a particular 
state, a. This is illustrated in figure 6.1.
Figure 6.1: Schematic of dielectronic recombination within the 3P parent. Here, a represents the 
autoionising state from which dielectronic recombination can take place, ScL c  and S'CL'C are 
the upper and lower Parent states respectively, r>t shows the recombination/autoionising process 
and TR shows the cascade of the electron into a bound state. Please note, the energy region 
covered by this plot is significantly smaller than that of figure 4.1. The energy range covering 
the 0  II 3P  parents is only 306 cm-1 , more than an order of magnitude larger than that covering 
the lowest parents of the C II ion.
Note that, in thermodynamic equilibrium, all processes and their inverses must be in 
equilibrium, in other words,
-cx
3p / / / / /
0
The total autoionisation probability for state a  will then be,
r-V ) =  r A (Jcn j j )  = Y , r A{Jc n j J  -> j ' j t j ' j )
J'ci'
(6.14)
while the total dielectronic capture rate will be
(6.15)
N , (a )T A(Jcn j J  -> J'ck ? J )  = N eN+{J'c)a c(J'ck j ' J  -> Jcn j J )  (6.16)
where N s(a) and N+(J'C) refer to thermodynamic equilibrium values for state a  and ion 
state J'c respectively.
142
6.2 O II recombination coefficients
Table 6.1: Values of r*(2s22p2(3P2)100(Z -  10)J)(s-1)
J 11 - I 11 < 1 \ l - V \  < 2
15/2 0.000x10° 1.667 x l0 °
17/2 1.694X101 1.861 x lO 2
19/2 9.428 xlO4 9.428 x lO 4
21/2 7.798 xlO4 7.835 x lO 4
23/2 4 .658x l02 2.165 x lO 3
17/2 9.427xl04 9.427 x lO 4
19/2 7 .518xl04 7.518 x lO 4
21/2 7.517xl04 7.517 xlO 4
23/2 7 .799xl04 7.835 x lO 4
25/2 0.000x10° 2.165 x lO 3
To obtain the values of VA(Jcn j J  —» J'ck j ' J ), we run AUTOSTRUCTURE 4.3 for 
electron configurations 2s22p2nZ, kl ' , 2p4, n/, kl' to obtain autoionisation probabilities 
r^ (2 s22p2(3P j)n / 2s22p2(3Pj/)fc/') for 11 -  V| < 2.
Scaling parameters used were AiS =  1.48939, A2S =  1.31187 and A2p =  1.24110, with 
calculated fine-structure separations of the 3P j  parent levels of A i?(3Po —^3 P i) =  119.6 
cm-1 and A E (3Pq —>-3 P 2 ) =  322.8 cm-1 . One- and two-body interactions are included.
In table 6.2.3, I give some examples of the derived autoionisation rates, showing the 
result of including only electric dipole interactions, and electric dipole and quadrupole 
interactions. Note tha t for all these states, T R =  2.079 x 103 s-1 , so for most transitions, 
r A Tr , in other words states have local thermodynamic equilibrium populations. 
For the highest values of J ,  T A is significantly increased by allowing electric quadrupole 
processes (Al  = 2).
Averaging over J  for a given n
To treat the n-dependent and nl-dependent problems we must average over J . Thus the 
total dielectronic capture rate for a state a  — Jcn  is
N eN +(J'c)ac(J'c -> Jcn) = N eN +(J'c) ] T  a c(J'ck j ' J - + Jcn j J ) (6.17)
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while the average autoionisation probability is given by,
N ( J cn)VA (Jcn) = N ( J cn jJ )V A(Jcn j J  -> J'ck j ' J )  (6.18)
and we assume that
N ( J cn j J )  = W{Jcj ^  N ( J cn)
uj{2Jc +  l)2 n 2
therefore,
W(2 J  +  1) N ( J cn) (6.19)
(6 .20)
r A { J ‘n ) = E (6'21)
We express a c in terms of VA using equation 6.16, so tha t the capture rate from contin­
uum J '  is,
N eN +(J'c)ac(J ’c Jcn) = N eN +(J'c) £  J'ckj'J) (6-22)
Jijij' C
Now,
=  —^ Y y —S(T)eXp (6.23)
N CN ? ( J C) 2ui+(Jc) 1 K 1
where Xp = I p / k T , 7P is the ionisation energy relative to parent Jc and S(T)  =
(5 ™ tr )3/2- This leads to>
N eN(J'c) a c(J'c -> Jcn) =  N eN+  £  ^ B l - ^ H L S (T )ex, (6.24)
J -J /  iVs ( J c) ZLU+ {Jc)
In terms of the total ion density N + , we can write
N eN(J'c)ac(J'c -> J cn) =  N eN + S{T)
x S  2^(i)eXpr/4(,/c”iJ ^  J 'c k j ' J) <6'25)
Then if /( ./) )  is the fraction of population in ion state J'c, f(J'c) = and,
N eN(J'ca c(J’c -> J cn) =  N eN+J(J'C)S(T)
* E  £pf) 2 ^ e^ rA(JcniJ WJ) (6'26)
Finally, summing over all continua J ',
r/\ f s (Jc)  2 J  +  1 dXpJ 2 N eN ( J ’a c(J'c ^ J cn) = N eN +S(T)  £  / ( 4 )  /  m o / o V .  »
J i  h ( J c) 2 ( 2 J c  +  \ )
xT A{Jcn j J  -» J'ck j 'J )  (6.27)
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where the sum over J , j  runs over all states of the same n.
Now, in practice the code works in terms of departure coefficients, 6(Jcn), given by,
N ( J cn) =  ^ ± Xrb(Jcn) (628)
N eN+ (Jc) v 2w+(Jc) 
So we multiply through the equation for N ( J cn) by
2oj+(J,,)ex”
(6.29)
u ( J cn)NeN+(Jc)S{T)  
to correct to an equation for b(Jcn). Then the capture rate becomes,
£  -  j , . )  -
c
x N eN +S(T)  £  2 ( 2 J ^ + l ) eXrrA{JcnjJ J 'ck j 'J )  (6'30)
-  T f a W f l  («■»)
Jc i'*  >3iJ
Comparing 6.21 and 6.32 we can see that if autoionisation, and subsequent capture, 
is the only process,
u - , ^  V -  (2J + l ) r A(Jcn j J ^  J'ckj'J)
fs(Jc) s r  K J 'c) V  (2 J +  l ) r A(Jcn j J  -> J'ck j ' J )
f{Jc) f a  2n2(2Jc +  1) ^JC J>jlj
Thus in thermodynamic equilibrium, when f ( J c) = f s{Jc), b(Jpn) =  1 as should be the
case.
Also note that in a system out of thermodynamic equilibrium, > 1 and also it
may be tha t > 1- This could be the case for states where (3P 2 )n/ are linked to
the (3P 0) continuum, in which case < 1 and > 1. Hence b(Jpn) can be
M *  2 )  J s ^ r a )
significantly enhanced.
Averaging over J for a given nl
The same arguments can be applied for states,
a  = Jcnl (6.34)
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VA(Jcn l ) =  Y ,
(2 J  +  1)
r A(Jcn j  -> J'ck j ' J )  (6.36)
(2 Jc + 1)2(2 I +  1)
in a similar manner to 6.32, 2n2 is replaced by 2(2/ +  1). In our calculations, RECION 
[94] uses 6.21 and 6.32 and HBNL [94] uses 6.36 and the equivalent result for the capture 
rate.
In this process, our treatm ent using HBNL goes one step further, in tha t for each 
n  it solves the equations for each J ,  allowing for collisions n lJ  —>■ nl'J' .  This is im­
portant because the process of averaging over J  for a given I tends to overestimate the 
autoionisation probability. This can be seen if one imagines the case where only one 
state Jcn j J  can autoionise, with a large probability. If the state is isolated from other 
states of the same n, it alone will be populated with its thermodynamic equilibrium 
value and contribute to the recombination process. Only a fraction 2S { 2J +i) 
states of a particular n  will be populated. However the averaging process 6.21 could 
lead to an average autoionisation probability tha t is still larger than all other processes 
and all states Jcn j J  will effectively have thermodynamic equilibrium populations. The 
recombination will be correspondingly much larger.
In practice only a few states Jcn j J  have large autoionisation probabilities, but /- 
changing collisional processes distribute the population to other states of the same n. 
These collisional processes become more im portant as n  increases, so the averaging 
process becomes a better approximation as n  increases. Hence, averaging is appropriate 
for high n in the RECION and HBNL treatments.
For lower n  we solve explicitly for the populations b(Jcn j J )  by inverting the rate 
matrix for all states of a given n.
6.2 .4  E va lu atin g  th e  0 2+ parent p o p u la tion s
The contribution to the to tal recombination coefficient of a state, is dependent on the 
relative populations of the (3Po), (3P i), (3P 2 ), (1D2 ), (1So) and (5S2 ) 0 2+ parent states. 
In general, the population is dominated by the three 3P states. At low density, the
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relative populations within these three states diverges from a simple 1:3:5 ratio expected 
from their respective statistical weights.
We can represent the population of 0 2+ as,
JV(3P0) +  JV(3Pi) +  N ( 3p2) +  N ( l D2) + NCSq)  + N f s l )  =  N ( 0 2+) (6.37)
N ( 3Po) iV(3Pi) JV(3P2) N e D 2) N ( 1Sq) jv(5s 2°)
JV(02+) N ( 0 2+) N ( 0 2+) JV(02+) N ( 0 2+) N ( 0 2+) V ' 1
The contribution to the recombination to the state i, ai is given by, 
a ( J cn j J )  = Y ,  -> JcnjJ)N+
J 'c f
(6.39)
where N + is the ion number density. States will be populated by collisional excita­
tion and depopulated by collisional de-excitation, and radiative decay. This balance is 
characterised by,
N+(Jc)q(Jcn j J  -> J'ck j ' J ) N e =  N+(J'c)[A(J'ck j ' J  -> Jcn j J )  +  q(J'ck j ' J  -> Jcn j J ) N e) 
(6.40)
This gives
N +(Jt) =  __________ N eq(Jcn j J  -> J'ck j ' J )__________
N+ (JC) N eq(J'ck j ’J  -> Jcn j J )  + A(J'ck j ' J  -> Jcn j J )  1
where A(J'ck j ' J  —» Jcn j J )  is the radiative decay coefficient given by Nussbaumer and
Storey [64]. The collisional de-excitation rate coefficients, q(J'ck j ’J  —> Jcn j J ), are given
by Mendoza [56] as,
q(J'ck j ' J  -» Jcn jJ ) ( T e) = 863 x 10~6v(J'ck j ' J  - * J cn jJ ) ( T e) (g 42)
u(J'ck j ' J ) T /
where uj(J'ck j ' J )  is the statistical weight of the upper level. The excitation rate coeffi­
cient, q(Jcn j J  —> J'ckj'J), is given by,
q(Jcn j J  -> J'ck f J )  =  -  Jcn j J )  exp ( - A
(6.43)
v(J'ck j ' J  —► Jcn jJ ) ( T e) is the thermally averaged collision strength interpolated from 
the values of Aggarwal [1]. A value can be calculated for all parent states. This can be 
expressed as a ratio, X , the fractional population, for example,
N { 3Po) 1
N ( 0 2+) ~  1 + X  6^'44)
These ratios give values by which the calculated recombination coefficients, from 
each final state, can be multiplied. Figures 6.2 and 6.3 show the relative populations of
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the various parent states as a function of density, at tem peratures of 1000K and 10000K
of *D at 10000K is 0.03. The population of *S and 5S° remains negligible under all 
nebular conditions.
6 .2 .5  R eco m b in a tio n  coefficients: hydrogen ic  cross-section s
For all states for which a R-matrix photoionisation cross-section had not been calcu­
lated explicitly, a hydrogenic approximation to the photoionisation cross-section was 
evaluated, using the routines of Storey and Hummer [97], generating radiative data  in 
hydrogenic systems. The photoionsation cross-section of state n/, is given by,
where p  is the reduced mass and the constant =  8.5596557 x 10 25m 2.
6.3 Radiative transition probabilities for O II
Radiative transition probabilities are taken from three sources; R-Matrix calculations 
from STGBB, a Coulombic approximation and a hydrogenic approximation.
6.3.1 R -m a tr ix  tra n sitio n  p rob ab ilities
As described in chapter 5, oscillator strengths, /  are available from the R-matrix calcu­
lations for all bound states with ionisation energy less than or equal to the ionisation 
limit of the 3Pq parent, and with L < 4. The data  are in intermediate coupling and in 
the electric dipole approximation.
Berrington et al. [16] discuss the close-coupling methods used here to calculate 
oscillator strengths for all transitions between states of 0 + having principal quantum 
numbers, n  < 10, total orbital angular momenta, L < 4 and total angular momenta, J  < 
11/2. In total, this covers 667 states. STGBB is used to calculate the oscillator strengths, 
part of the RmaX suite of codes, from the D and B datasets produced by running 
the preceding RmaX codes (2.10). The method of applying the R-matrix transition 
probabilities is detailed in 4.4.1.
respectively. The relative contribution from the different hyperfine states of 3P is heavily 
dependent on density below a density of 106 cm-3 . The maximum fractional population
47rcA (1 -I- n 2k 2) /> •oo 2
CLuiril —y E l ) —
H2Z 2n 2 (21 +  1) J o
P n i ( p ) p Gkv ( p ) d p  (6.45)
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6.3 .2  C oulom bic ap p rox im ation  tran sition  p rob ab ilities
For pairs of states where no R-matrix data is available, but where one or both of the states 
have a non-zero quantum  defect, the dipole radial integrals required for the calculation 
of transition probabilities are calculated using the approximation originally proposed by 
Bates and Damgaard [11] and adapted by van Regemorter [103]. The Coulomb approx­
imation can only be applied to states with the same core electron quantum  numbers, to 
transitions within the (3P j )  nl series, for example.
6.3 .3  H yd rogen ic  app rox im ation  tra n sitio n  p rob ab ilities
For pairs of states with zero quantum  defects,
Now, from Brink and Satchler (p94) [17], we see tha t the decay probability is given
(6.46)
by,
_  2 ^  k2L+1(l +  l) | <  J\ \TH\J '  > |2 
JJ' h L[(21 -  l)!!]2 (2/ +  1) (6.47)
For dipole radiation, L = 1 and n is odd, so,
(6.48)
In pair coupling,
< J | |T 1| | J '> = <  Jo jJWXiW Jcj ' j '> (6.49)
and, from Brink and Satchler (pl52), we have,
> 2 (6.50)
But j ,  j '  are formed by coupling s, I for the valence electron, in other words,
2
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Therefore
I < JJJWT^Jcj'J'  > |2 = (2J' + 1)(2j  +  1)(2j' +  1)(21 + 1)
J  J  1 1 |  ] j  1 1 |< ( | | £ i | | ; , > |2  (6 52)
/  j  JC J { I' I S  j
The | |2 terms can be translated into A values using 6.48, assuming k (=  2ix/\)  is
the same for all components, hence
A (Jcj J  —» Jcj 'J ' )  =  ( 2 /  +  l)(2 j +  l)(2 j ' +  l)(2 / +  l)
X l 3  J 1 l l j  j 1 ) l>) (6 53)[ ?  j  Jc } \  r  i s  J
We use 6.53 to generate pair-coupled A-values from hydrogenic A(l -» /') values, 
derived using the methods described by Storey and Hummer [97]. We want to calculate,
N ( J cl j J ) A ( J cj J  -> Jc j 'J1) (6.54)
JJ
when we have a value of b(nl) for a hydrogenic upper state. We assume that b(Jcl j J ) =  
b(nl) for all J c, j  and J.  Then,
N { J cl j J )  = N s(Jcl jJ )b (J  — cljJ)
=  N s{JcljJ)b{nl)
=  ( __—__ ^ / JV N + iJ  ) b ( n l ) ' A I d i I l eXJ
\ 2 * m k T )  2w+(Jc) e
=  S ( T ) N eN +(Jc) b ( n l ) - ^ L L
ZU+{Jc)
-  (2 J  +  1> S{ T )N eN+(Jc)b{nl) (6.55)
2(2 J c +  1)
where x j  — I j / k T , assuming tha t the ionisation energy, / j ,  is equal to Ini for all J. 
So 6.54 becomes,
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If we consider the sum in 6.56 and use 6.53,
£ ( 2 J  +  1 )A(Jcj J  -> Jcj ' J ' )  = A(l -> l ')(2J' + 1)(2/  +  l)(2i +  1) 
jJ
\  J  J '  1 | 2 (  j  j '  1
x £ ( 2 J  +  1) 2j +  l ) {  ) {j r  \ / j  J c J 11' i s
( ' 2
I 7 j 1 1=  4(J-*f')(2.7' +  l)(2f +  l ) £ ( 2 j  +  l ) <
Y  1 1' I s
{ J  J '  1 1 2
x V ( 2 J  +  l ) ( 2 /  +  l)  } (6.57)
Y  i  f  j  J c  J
The sum over J  is unity, from Brink and Satchler (pl43) [17], and the sum over j  is 
from the same result, so,
J  +  1 )A (Jcj J  -> J J ' J ' )  =  A(l  -*■ (6.58)
jJ
Hence 6.56 becomes,
S ( T ) N eN +(Jc)b(nl) Al, , (21 + 1)(2J 1 + 1)
2(2Jc + 1 )  A(l ‘ > ( 2 F + 1 )  1 ]
and adopting N + (Jc) =  N +X ( J C), where X ( J C) = is the fraction of population in
the ion parent, J c, and iV+ is the total ion population, then,
N eN +S(T)b(n l)2j2;,++ 1]^ j ^ X M A d  -* 0  (6-60)
In summary, for a given low state, > , we evaluate 6.60, summing over all
upper n and I th a t can decay to our particular low state \Jcl ' j 'J '  > , in other words 
\l — I11 =  1 and any An.
6.4 O II equilibrium  state populations
We can now use the processes detailed throughout this chapter to solve the O II equilib­
rium state population problem, using the general formulation of the population problem 
(see section 4.2) for a = 0 + (3P j c)nlJ.  We divide this problem into two regions depend­
ing on the approximations used.
6.4.1 H yd rogen ic  so lu tio n s : R E C IO N  and H B N L
We define n c as the principal quantum  number below which the total /-changing collision
rate is less than five percent of the total radiative decay rate for all orbitals nl. The values
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1000 29 23 17 13 11 11
10000 33 25 19 15 11 11
20000 34 26 20 15 12 11
of n c are given in Table 6.4.1, as a function of electron density and at three representative 
electron temperatures. For n  > n c, the 0 + populations are taken directly from the 
hydrogenic calculation, the results of which extend to n =  oo. Since the hydrogenic 
calculation is independent of electron spin it is assumed that the doublet and quartet 
terms of 0 + have the same population. This would be a good approximation for states 
where /-changing collisions are rapid compared to radiative decays, since the breakdown 
of L5-coupling at high n and I will lead to collisional transitions tha t effectively change 
spin.
For states with n < n c, the populations are determined from the balance of recom­
bination and cascading and radiative decay. For n > 10, the populations for all levels 
associated with a given n are calculated, and the process carried downward from n  =  nc 
to n = 11. The cascade contribution from states with n > n c is determined by summing 
from n c + 1 to n c +  51, and converting the remaining sum to infinity to an integral in 
the variable 1 /n 2. For the lower levels (i.e. n  < 10), a m atrix equation is solved for all 
the populations simultaneously.
In the region where n < n c, the derived populations will depend to a certain extent 
on the treatm ent of radiative decays on to the lower states from states above nc. We 
therefore needed to determine populations for the states above n c. Initial solutions to 
states, n  < n c and final solutions to states above n c were made using hydrogenic bni 
values. These were generated by solving the level population problem for the hydrogenic 
case using separate codes, RECION and HBNL [94]. All radiative and collisional pro­
cesses are included, giving hydrogenic bni values at a range of temperatures and densities 
matching those in the final calculations (for a discussion of the collisional calculations, 
see section 4.5). For states up to a given principal quantum  number, bni values were 
obtained for each value of /, at th a t value of n. Above this and up to n = 500, the
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population was assumed to be fully collisionally redistributed and bni = bn. Above 
n = 500, bn was taken to be one. Hydrogenic bni values will only exist for states of 3P 
parentage. For states of other parents, an initial value of 0 was assumed, as they would 
have negligible populations at nebular densities.
6.4 .2  T h e  R -m a tr ix  s ta te  region
In the RmaX state region, an energy ordered list is generated including all states up to 
n = 35. A data  file containing detailed information on the parent states and their exper­
imental energies, the experimental energies of equivalent electron states, and low-lying 
Rydberg states along with quantum  defect data, determined using experimental ener­
gies from Wenaker [104], is read into the cascade calculation. For series where quantum 
defect data is available, the quantum  defects of higher series members were extrapolated 
in the region I < 4. For states L > 5 where quantum defects were not available, hydro­
genic (degenerate) energies were used. Related to the energy ordered index, was a cross 
reference to the RmaX indices for 0 + . This enabled data  calculated using the RmaX 
suite of codes, such as weighted oscillator strengths to be easily incorporated into the 
program.
Solutions for 6*, where i is the state index, were obtained for all states in this region 
simultaneously. We arrange the equilibrium equation in m atrix form, where R 7(i) con­
tains the sum of all outgoing rates and Y "(i) the sum of all incoming rates. We invert 
the matrix, which then gives solutions for b{. The bi are substituted for the previous 
values and the process of solving the state population equation repeated.
6.5 R esults
In this section, I present the results of the calculations described above for O II. Wave­
lengths are given for all 3P transitions nl((2S+l) L j )  — n' Vi^2S'+l)L'j,) with n < 7 and 
n' < 6, 1,1' < 4, and J, J '  < 1 1 /2 . I then give tables of case B effective recombination 
coefficients, covering the electron density range from 102 to 106 cm-3 at temperatures 
of 1000K, 10000K and 15000K.
6.5.1 W avelen gth s ( A )  for tra n sitio n s in th e  R -m a tr ix  region
In table 6.3 I present wavelengths for all RmaX state perm itted transitions, with n < 7 
and n' < 6, 1,1’ < 4, J, J '  < 11/2, and 3P parentage. The wavelengths are presented
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in order of decreasing principal quantum  number. The individual columns present tran­
sitions with different upper and lower J , with the notation, Ju,Ji. Where both states 
have available experimental energies from Wenaker [104], the wavelengths should be 
very accurate and I indicate these in blue. The rest of the wavelengths are calculated 
using the energy values calculated in STGB of the RmaX calculations. In table 6.4, I 
present wavelengths for transitions with *D, XS and 5S parentage and n' < 4. In both 
tables, wavelengths below 2000A are given in vacuo. Wavelengths above 2000A are air 
wavelengths. I also indicate the multiplet identifications according to Wiese et al. [107] 
where available.
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Table 6.3: O II wavelengths (A) for transitions with the upper level in the range n = 3 —>■ 7, 
L < 4 and J  = 1/2, 3/2, 5/2, 7/2, 9/2 and 11/2 all with 3P parentage.
Transition Mult 1/2,1/2 1/2,3/2 3 /2 ,1 /2  3 /2 ,3 /2  3 /2 ,5 /2  5/2 ,3 /2  5/2 ,5 /2  5 /2 ,7 /2  7 /2 ,5 /2  7 /2 ,7 /2  7 /2 ,9 /2  9 /2 ,7 /2  9 /2 ,9 /2  972,11/2 11/2,9/2 11/2,11/2
7g( G -  6f(4D°) - - - - 28996.8 27929.3 27935.3 30547.9 30555.2 _ 29587.1 - _ - -
7g( G -  6f(4F°) - - - - 32505.8 30898.5 30967.1 32542.3 34024.7 34074.7 34024.4 34074.4 - 32785.7 -
7g( G -  6f(4G°) - - - - - 28688.5 28775.7 31458.5 31469.1 31705.4 30443.2 30664.3 32415.8 30517.1 30490.0
7g( G -  5f(4D°) - - - - 11547.2 11549.0 11150.7 11531.4 11533.2 - 11381.8 - - - -
7 g (G -  5f(4F°) - - - - 11808.0 11816.6 11856.8 11816.4 11856.6 12034.6 11859.4 11869.9 - 11612.7 -
7 g (G -  5f(4G°) - - - - - 11483.9 11241.4 11640.6 11643.1 11698.9 11488.8 11543.2 11765.8 11519.7 11513.0
7g( G -  4f(4D°) - - - - 5345.7 5285.1 5285.8 5369.5 5370.2 - 5370.2 - - - -
7g( G -  4f(4F°) - - - - 5397.9 5407.5 5406.7 5487.2 5412.6 5501.8 5405.0 5408.7 - 5411.9 -
7g( G -  4f(4G°) - - - - - 5301.4 5302.4 5389.1 5390.1 5410.0 5300.8 5364.5 5420.1 5323.0 5365.9
7f( D° - 6 g ( 4Ge) - - - 29529.5 - 32275.9 31076.7 32270.8 31071.9 31072.3 - - - - -
7f(4F° - 6 g ( 4Ge) - - - 29328.8 - 29309.6 28317.3 29181.2 29182.6 28234.1 28212.1 28212.5 29172.7 - -
7f(4G° - 6 g ( 4Ge) - - - - - 31251.3 30125.7 31244.8 30119.7 30120.0 29415.7 29388.6 29389.6 28430.1 29405.4
7f(4D° -  6d( P e) 27667.0 27620.9 29024.3 28973.6 28882.2 30007.5 29909.4 - 29905.0 - - - - - - -
7f(4D° -  6d(4De) 28015.1 27052.7 29407.7 27051.2 28384.0 29338.0 29375.5 32245.1 29371.3 32240.0 - - - - - -
7f(4D° — 6d(4Fe) - 25417.3 - 25415.9 26661.7 27424.4 27534.7 28370.3 27531.0 28366.3 29796.5 - - - - -
7f(4F° -  6d(4P e) - 27489.1 27443.7 27361.6 27426.9 27344.9 - 27233.1 - - - - - - -
7f(4F° -  6d(4De) - 27832.8 26882.6 26914.1 26866.5 26822.2 29194.5 26822.5 29195.0 - 29171.8 - - - -
7f(4F° — 6d(4Fe) - - 25267.1 25360.7 25186.1 25279.1 26052.7 25250.3 25982.0 27176.8 25963.6 27156.7 - - -
7f(4G° -  6d(4P e) - - - - 29120.0 29027.6 - 28891.0 - - - - - - -
7f(4G° -  6d(4D e) - - - - 28489.0 28524.4 31222.5 28518.9 31216.0 - 31071.5 - - - -
7f(4G° -  6d(4Fe) - - - - 26681.2 26785.6 27575.7 26669.2 27570.6 28919.7 26135.3 27344.6 - 27358.3 -
7f(4D° - 5 g ( 4Ge) - - - 11633.9 - 11810.1 11639.6 11809.4 11773.0 11803.4 - - - - -
7f(4F° -  5g(4Ge) - - - 11391.3 - 11374.8 11216.5 11585.6 11622.7 11643.3 11213.2 11213.3 11365.9 - -
7f(4G° -  5g(4Ge) - - - - - 11670.1 11503.6 11648.0 11482.1 11482.2 11653.3 11674.0 11675.7 11247.5 11401.0
7f(4D° -  5d( Pe) 10928.4 10915.9 11134.0 11121.1 10893.0 11270.1 11246.0 - 11245.4 - - - - - - -
7f(4D° -  5d(4De) 10851.5 10760.5 10851.2 10959.8 10769.0 11104.5 11113.9 11609.5 11113.3 11608.9 - - - - - -
7f(4D° -  5d(4Fe) - 10390.8 - 10576.6 10605.2 10711.3 10740.6 10860.0 10740.0 10859.5 11041.0 - - - - -
7f(4F° -  5d( P e) - 10900.5 10888.1 10865.6 10873.0 10863.0 - 10850.6 - - - - - - -
7f(4F° - 5 d ( 4De) - 10824.0 10733.5 10742.2 10730.9 10739.6 11201.8 10727.6 11183.0 - 11185.3 - - - -
7f(4F° -  5d( Fe) - - 10365.6 10393.1 10363.2 10390.7 10502.4 10374.5 10485.9 10660.2 10487.9 10657.1 - - -
7f(4G° -  5d(4P e) - - - - 11142.5 11119.0 - 11118.2 - - - - - - -
7f(4G° -  5d(4De) - - - - 10980.7 10989.8 11474.2 10989.0 11452.8 - 11453.8 - - - -
7f(4G° -  5d(4Fe) - - - - 10596.0 10624.7 10741.5 10606.4 10722.8 10899.7 10723.6 10900.6 - 10688.0 -
7f(4D° — 4d(4Pe) 5150.5 5145.1 5150.5 5145.0 5135.1 5222.4 5212.2 - 5212.1 - - - - - - -
7f(4D° -  4d(4De) 5067.9 5076.9 5111.7 5076.8 5080.7 5152.2 5156.2 5312.2 5156.0 5312.1 - - - - - -
Table 6.3: continued
Transition Mult 1 /2,1/2 l/2 ,3 /2  3 /2 ,1 /2  3 /2 ,3 /2  3 /2 ,5 /2  5 /2 ,3 /2  5 /2 ,5 /2  5/2 ,7 /2  7/2 ,5 /2  7/2 ,7 /2  7 /2,9/2 9 /2 ,7 /2  9 /2 ,9 /2  9/2,11/2 11/2,9/2 11/2,11/2
7f(4D° -  4d( F£) - 4940.5 - 4940.4 4952.8 5011.8 5024.5 5047.8 5024.4 5047.7 5075.9 - - - - -
7f(4F° -  4d(4P e) - - 5144.3 5138.9 5129.0 5135.5 5128.4 - 5125.7 - - - - - - -
7f(4F° -  4d(4De) - - 5061.9 5070.9 5074.7 5067.6 5071.4 5225.2 5071.4 5221.1 - 5221.6 - - - -
7f(4F° -  4d(4Fe) - - - 4934.8 4947.1 4931.7 4946.6 4969.1 4944.0 4966.6 4993.9 4965.9 4993.2 - - -
7f(4G° - 4 d ( 4Pe) - - - - - 5194.9 5184.8 - 5184.6 - - - - - - -
7f(4G° -  4d( De) - - - - - 5125.4 5129.3 5283.7 5129.1 5283.6 - 5228.5 - - - -
7f(4G° -  4d(4Fe) - - - - - 4986.4 4999.0 5022.0 4994.9 5021.9 5049.9 5018.1 4999.6 - 5000.0 -
7f(4D° -  3d( Pe) 2381.9 2378.1 2391.5 2387.7 2383.6 2394.5 2390.3 - 2390.3 - - - - - - -
7f(4D° -  3d(4De) 2388.1 2390.1 2388.1 2399.8 2399.9 2406.6 2406.7 2407.1 2406.7 2407.1 - - - - - -
7f(4D° -  3d(4Fe) - 2310.0 - 2310.0 2321.9 2325.4 2328.4 2332.6 2328.3 2332.6 2338.2 - - - - -
7f(4F° -  3d(4P e) - - 2380.6 2376.8 2372.7 2376.1 2371.9 - 2372.0 - - - - - - -
7f(4F° -  3d{4De) - - 2386.8 2388.7 2388.8 2388.0 2388.1 2388.4 2387.8 2388.4 - 2388.3 - - - -
7f(4F° -  3d(4Fe) - - - 2308.7 2311.6 2308.1 2311.5 2315.7 2310.7 2315.1 2320.6 2315.0 2320.5 - - -
7f(4G° -  3d(4P e) - - - - - 2388.7 2384.5 - 2384.5 - - - - - - -
7f(4G° - 3 d { 4De) - - - - - 2400.8 2400.9 2401.2 2400.8 2401.2 - 2400.3 - - - -
7f(4G° -  3d( Fe) - - - - - 2320.0 2322.9 2327.1 2322.8 2327.1 2332.6 2316.3 2321.8 - 2321.9 -
7d(4P e -  6f(4D°) 33668.6 33672.3 33711.4 32038.7 30830.5 32109.2 30895.8 30903.2 - - - - - - - -
7d(4Pe -  6f(4F°) - 34095.2 - 34139.1 34180.6 34219.2 34457.7 34456.7 - - - - - - - -
7d(4P e -  6f(4G°) - - - - 31758.3 - 31827.5 31838.3 - - - - - - - -
7d(4De -  6f(4D°) 32569.1 31005.2 34261.9 32535.5 31290.2 34233.8 31263.6 31271.2 29962.9 28903.5 - - - - - -
7d(4De -  6f(4F°) - 32968.1 - 34703.8 34746.6 34671.0 34915.9 35003.5 31990.0 32063.5 32033.4 - - - - -
7d(4De -  6f(4G°) - - - - 32246.4 - 32218.1 32229.1 29710.6 29720.0 31626.1 - - - - -
7d{4Fe -  6f(4D°) - - 36663.1 34693.2 33280.8 34583.7 34592.9 33188.6 33332.9 32027.0 - 30298.3 - - - -
7d(4Fe -  6f(4F°) . - - 37169.5 37218.6 37043.8 37092.6 37322.4 35647.7 35953.2 35915.4 33789.0 33755.6 - - -
7d(4Fe -  6f(4G°) - - - - 34364.6 - 34257.1 34269.6 33020.9 33032.6 33293.0 31196.7 33303.7 33271.5 - -
7d(2P e -  6p(2S°) 16415.1 - 16468.6 - - - - - - - - - - - - -
7d(2Pe -  6p(2P°) 19294.2 19462.0 19368.0 19537.2 - - - - - - - - - - - -
7d(2Pe ~  6p( D°) - 17879.7 - 17943.2 18546.0 - - - - - - - - - - -
7d(2D e - 6 p ( 2S°) - - 16141.4 - - - - - - - - - - - - -
7d(2D€ - 6 p ( 2P°) - - 18917.1 19078.4 - 19041.6 - - - - - - - - - -
7d(2De - 6 p ( 2D°) - - - 17555.5 18132.1 17524.2 18098.8 - - - - - - - - -
7d(2Fe -  6p( P°) - - - - - 19448.0 - - - - - - - - - -
7d(2Fe -  6p(2D°) - - - - - 17867.9 18465.6 - 18642.9 - - - - - - -
7d(4P e — 6p( S°) - 18628.3 - 18641.4 - 18665.2 - - - - - - - - - -
7d(4P e - 6 p (  P°) 17612.0 17691.5 17623.7 17703.3 18195.6 17724.8 18218.3 - - - - - - - - -
7d(4P e - 6 p ( 4D°) 17116.4 17192.6 17127.5 17203.8 17449.4 17224.1 17470.2 17923.0 - - - - - - - -
7d(4De - 6 p (  S°) - 18286.7 - 18808.5 - 18798.9 - - - - - - - - - -
7d(4De - 6 P(4P°) 17306.4 17383.2 17773.0 17854.0 18354.8 17845.3 18345.6 - 17504.4 - - - - - - -
Table 6.3: continued
Transition
7d(4De - 6 p ( 4D°) 16827.6 16901.3 17268.4 17346.0 17595.7 17337.8 17587.3 18046.2 16812.7 17231.6 - - - . . -
7d(4Fe - 6 p (  S°) - - - 19510.0 - 19475.3 - - - - - - - - - -
7d(4Fe - 6 P( P°) - - 18398.0 18484.8 19022.2 18453.7 18989.2 - 18603.2 - - - - - - -
7d(4Fe -  6p( D°) - - 17857.9 17940.9 18208.1 17911.5 18177.9 18668.6 17823.8 18295.3 - 17717.8 - - - -
7d(4P e -  5f( D°) 11919.3 11741.6 11924.7 11746.8 11571.4 11756.3 11758.1 11582.4 - - - - - - - -
7d(4P e -  5f(4F°) - 12011.4 - 12016.8 12025.7 12026.7 12035.6 12077.3 - - - - - - - -
7d(4Pe -  5f(4G°) - - - - 11681.4 - 11690.7 11693.2 - - - - - - - -
7d(4De -  5f(4D°) 11778.6 11779.3 11992.9 11813.0 11635.6 11809.1 11631.9 11633.7 11288.0 11289.7 - - - - - -
7d(4De -  5f(4F°) - 11868.4 - 12086.0 12095.0 12082.1 12133.4 12151.6 11719.8 11776.7 11769.7 - - - - -
7d(4D e -  5f{4G°) - - - - 11746.8 - 11743.0 11745.6 11392.6 11395.0 11674.2 - - - - -
7d(4Fe -  5f{4D°) - - 12274.2 12085.9 11900.3 12261.4 11887.4 11889.3 11734.9 11736.8 - 11496.4 - - - -
7d(4Fe -  5f(4F°) - - - 12371.9 12381.3 12357.9 12367.3 12411.4 12202.4 12245.3 12256.5 11983.8 11994.6 - - -
7d(4Fe -  5f(4G°) - - - - 12016.6 - 12003.4 12006.1 11848.0 11850.6 11908.4 11663.7 11661.0 11888.3 - -
7d(2Pe — 5p{2S°) 7258.2 - 7268.6 - - - - - - - - - - - - -
7d(2Pe - 5 p {  P°) 8212.5 8267.6 8225.9 8281.2 - - - - - - - - - - - -
7d(2Pe -  5p(2D°) - 7834.1 - 7846.2 7953.1 - - - - - - - - - - -
7d(2De -  5p( S°) - - 7204.2 - - - - - - - - - - - - -
7d(2De — 5p( P°) - - 8143.4 8197.6 - 8190.8 - - - - - - - - - -
7d(2D e - 5 p ( 2D°) - - - 7771.2 7876.0 7765.1 7869.8 - - - - - - - - -
7d(2Fe -  5p(2P°) - - - - - 8265.1 - - - - - - - - - -
7d(2Fe -  5p{ D°) - - - - - 7831.8 7938.3 - 7970.9 - - - - - - -
7d(4P e - 5 p ( 4S°) - 7897.3 - 7899.7 - 7903.9 - - - - - - - - - -
7d(4P e - 5 p ( 4P°) 7651.3 7678.8 7653.5 7681.0 7737.4 7685.1 7741.5 - - - - - - - - -
7d(4P e -  5p( D°) 7478.1 7504.3 7480.2 7506.4 7554.9 7510.3 7558.8 7637.7 - - - - - - - -
7d(4De - 5 p ( 4S0) - 7835.3 - 7929.5 - 7927.8 - - - - - - - - - -
7d(4De — 5p{ P°) 7593.0 7620.1 7681.5 7709.3 7766.0 7707.6 7764.4 - 7609.6 - - - - - - -
7d(4De -  5p( D°) 7422.5 7448.3 7507.0 7533.4 7582.2 7531.8 7580.6 7660.0 7433.0 7509.3 - - - - - -
7d(4Fe - 5 p ( 4S°) - - - 8051.6 - 8045.6 - - - - - - - - - -
7d(4Fe -  5p(4P°) - - 7796.0 7824.6 7883.0 7819.0 7877.4 - 7810.1 - - - - - - -
7d(4Fe -  5P( D°) - - 7616.3 7643.5 7693.7 7638.1 7688.3 7769.9 7624.2 7704.5 - 7600.2 - - - -
7d(4P e -  4f( D°) 5442.7 5442.7 5443.8 5414.4 5378.2 5416.4 5380.1 5380.9 - - - - - - - -
7d(4Pe -  4f<4F°) - 5493.9 - 5495.0 5496.3 5497.1 5498.4 5509.1 - - - - - - - -
7d(4Pe -  4f(4G°) - - - - 5397.9 - 5399.9 5400.8 - - - - - - - -
7d(4De -  4f(4D°) 5413.1 5384.1 5457.9 5428.4 5392.0 5427.6 5391.2 5391.9 5351.8 5316.9 - - - - - -
7d(4De -  4f(4F°) - 5463.8 - 5509.5 5510.7 5508.6 5509.9 5520.7 5442.8 5442.0 5445.8 - - - - -
7d(4De -  4f(4G°) - - - - 5411.8 - 5411.0 5411.9 5335.4 5356.4 5400.9 - - - - -
7d(4Fe -  4f(4D°) - - 5515.5 5485.3 5448.1 5482.6 5445.4 5446.2 5450.2 5414.0 - 5362.3 - - - -
7d{4F e -  4f(4F°) - - - 5568.1 5569.4 5565.3 5578.4 5583.8 5544.6 5543.8 5547.7 5495.6 5493.4 - - -
Table 6.3: continued
Transition
7d(4Fe -  4f(4G°)
i / /
-
- i i— J. -1 11.
5468.4
4 l-l
5465.6 5487.7 5433.2 5434.1 5454.4 5382.1 5401.9 5446.0
— i ->-1 -
_
7d(2P e — 4p(2S°) 3397.8 - 3400.0 - - - - - - - - - - - - -
7d(2Pe - 4 p ( 2P°) 3840.1 3853.2 3843.0 3856.2 - - - - - - - - _ - - -
7d(2P e -  4p(2D°) - 3779.7 - 3782.5 3807.9 - - - - - - - - - -
7d{2De — 4p(2S°) - - 3385.9 - - - - - - - - - . - - -
7d(2De - 4 p ( 2P°) - - 3824.9 3838.0 - 3836.5 - - - - - - - - - -
7d(2De - 4 p ( 2D°) - - - 3765.0 3790.2 3763.5 3788.7 - - - - _ _ . - -
7d{2Fe — 4p( P°) - - - - - 3852.7 - - - - - - - - - -
7d(2Fe -  4p(2D°) - - - - - 3779.1 3804.5 - 3812.0 - - - - - - -
7d(4Pe — 4p(4S°) - 3571.8 - 3572.3 - 3573.2 - - - - - - - - - -
7d(4P e -  4p( P°) 3575.4 3596.4 3575.9 3596.9 3593.4 3597.8 3594.2 - - - - - - - - -
7d(4P e -  4p(4D°) 3506.3 3512.2 3506.7 3512.7 3523.4 3513.5 3524.2 3540.0 - - - - - - - -
7d(4De - 4 p ( 4S°) - 3559.1 - 3578.4 - 3578.1 - - - - - - - - - -
7d(4De — 4p(4P°) 3562.7 3583.5 3582.0 3603.1 3599.5 3602.8 3599.2 - 3565.6 - - - - - - -
7d(4De -  4p( D°) 3494.0 3499.9 3512.6 3518.6 3529.3 3518.2 3529.0 3544.8 3496.7 3512.2 - - - - - -
7d(4Fe — 4p(4S°) - - - 3603.1 - 3601.9 - - - - - - - - - -
7d(4Fe - 4 p ( 4P°) - - 3606.7 3628.1 3624.5 3626.9 3623.3 - 3609.0 - - - - - - -
7d(4Fe — 4p( D°) - - 3536.3 3542.4 3553.3 3541.2 3552.2 3568.1 3538.4 3554.3 - 3531.9 - - - -
7d(2P e -  3p(2S°) 1418.1 - 1418.5 - - - - - - - - - - - - -
7d(2Pe -  3p(2P°) 1658.7 1660.3 1659.2 1660.8 - - - - - - - - - - - -
7d(2P e -  3p(2D°) - 1588.9 - 1589.4 1594.2 - - - - - - - - - - -
7d(2De -  3p(2S°) - - 1416.0 - - - - - - - - - - - - -
7d(2De — 3p(2P°) - - 1655.8 1657.5 - 1657.2 - - - - - - - - - -
7d(2De -  3p(2D°) - - - 1586.3 1591.1 1586.0 1590.8 - - - - - - - - -
7d(2Fe -  3p(2P°) - - - - - 1660.2 - - - - - - - - - -
7d(2Fe -  3p(2D°) - - - - - 1588.8 1593.6 - 1594.9 - - - - - - -
7d(4P e - 3 p ( 4S°) - 1609.8 - 1609.9 - 1610.1 - - - - - - - - - -
7d(4P e - 3 P(4P°) 1516.7 1517.7 1516.7 1517.8 1519.9 1518.0 1520.1 - - - - - - - - -
7d(4P e -  3p(4D°) 1480.4 1481.6 1480.5 1481.7 1483.7 1481.8 1483.8 1486.6 - - - - - - - -
7d(4De -  3p( S°) - 1607.2 - 1611.2 - 1611.1 - - - - - - - - - -
7d(4De - 3 p ( 4P°) 1514.3 1515.4 1517.8 1518.9 1521.0 1518.8 1521.0 - 1514.9 - - - - - - *
7d(4De -  3p( D°) 1478.2 1479.4 1481.5 1482.7 1484.8 1482.7 1484.7 1487.4 1478.9 1481.7 - - - - - -
7d(4Fe -  3p(4S°) - - - 1616.1 - 1615.9 - - - - - - - - - -
7d(4Fe - 3 p ( 4P°) - - 1522.2 1523.3 1525.5 1523.1 1525.2 - 1522.7 - - - - - - -
7d(4Fe - 3 p f 4p °)  
— 2p ( P°)
- - 1485.7 1487.0 1489.0 1486.8 1488.8 1491.5 1486.3 1489.1 - 1485.2 - - - -
7d(2P e 427.4 427.4 427.4 427.4 - - - - - - - - - - - -
7d(2Pe -  2p4(2D°) - 403.8 - 403.9 403.8 - - - - - - - - - - -
7d(2De -  2p4(2P°) - - 427.2 427.2 - 427.2 - - - - - - - - - -
ort©
Table 6.3: continued
Transition Mult 1/2,1/2 1/2,3/2 3/2,1/2 3/2,3/2 3/2,5/2 572~,3/2 5/2,6/2 5/2,7/2 7/2,5/2 7/2,7/2 7/2,9/2 9 /2,7/2 9/2,9/2 9/2,11/2 11/2,9/2 11/2,11/2
7d(2De) - 2 p 4("D°) - 403.7 403.6 403.6 403.6 - - - - - -  - -
7d(2Fe) — 2p4(2P°) . . . . .  4 2 7 . 4  - -
7d(2Fc) — 2p4(2D°) . . . . .  403.8 403.8 - 403.9 - - - - - -
7p(2S ° ) - 6 d ( 2Pe) 65998.5 64652.4
7p(2S°) — 6d(2De) - 74039.2
7p(2P ° ) - 6 d ( 2Pe) 45744.1 45093.4 45182.2 44547.3  - -
7p(2P°) — 6d(2De) - 49467.7 - 48811.2 49198.7
7p(2P°) — 6d(2Fe) - - - - 45303.2  - -
7p(2D°) — 6d(2Pe) - - 53723.9 52828.6 - 48105.5  -
7p(2D°) -  6d(2De) - - - 58933.8 59499.6 53116.1 53575.2
7p(2D°) — 6d(2Fe) - - - - 53895.1 - 48988.2 47092.1 - - - - - - -
7p(4S ° ) - 6 d ( 4Pe) - - 46808.2 46676.6 46439.7 - - - - - - - - - -
7p(4S°) — 6d(4De) - - 47813.6 45076.5 45165.1 - - - - - - - - - -
7p(4S ° ) - 6 d ( 4Fe) - - -40711.8 40955.3 - - - - - - - - - -
7p(4P ° ) - 6 d ( 4Pc) 53394.6 53223.4 52959.1 52790.7 52487.9 48425.0 48170.1 - - - - - - - -
7p(4P°) -  6d(4De) 54706.7 51152.9 54249.7 50753.1 50865.4 46705.0 46800.0 54531.8 - - - - - - -
7p(4P°) -  6d(4Fe) - 45604.6 - 45286.6 45588.1 42035.6 42295.2 44299.4  - -
7p(4D°) — 6d(4Pe) 56376.0 56185.2 56522.6 56330.8 55986.1 54510.3 54187.5 - 49352.6 - - - - - -
7p(4D°) -  6d(4De) 57840.8 53882.9 57995.1 54016.7 54143.9 52340.5 52459.9 62372.9 47915.5 56052.2 - - - - -
7p(4D ° ) - 6 d ( 4Fe) - 47762.0 - 47867.1 48204.1 46546.2 46864.8 49338.1 43204.2 45297.6 49057.8 -
7p(2S°) — 6s( Pe) 18030.4 18695.1 - - - - - - - - - - - - -
7p(2P°) — 6s(2Pe) 16084.7 16611.6 16014.7 16536.9  -
7p(2D°) — 6s(2Pe) - - 16971.1 17558.7 - 17003.8 - - - - - - - - -
7p(4S ° ) - 6 s ( 4Pe) - - 15626.8 15885.6 16323.8  -
7p(4P ° ) - 6 s ( 4Pe) 16298.0 16579.7 16257.2 16537.5 17012.9 16083.2 16532.5 - - - - - - - -
7p(4D ° ) - 6 s ( 4Pe) 16565.4 16856.5 16578.0 16869.6 17364.5 16702.5 17187.6 - 16669.6 - - - - - -
7p(2S°) — 5d( Pe) 14149.7 14040.7 - - - - - - - - - - - - -
7p(2S°) -  5d(2De) - 14745.5 - - - - - - - - - - - - -
7p(2P°) -  5d(2Pe) 12923.0 12832.0 12877.7 12787.3 - - - - - - - - - - -
7p(2P°) -  5d(2De) - 13418.1 - 13369.3 13419.4  -
7p(2P°) — 5d(2Fe) - - - - 12894.8 - - - - - - - - - -
7p(2D°) -  5d(2Pe) - - 13489.0 13389.9 - 13064.7 - - - - - - - - -
7p(2D°) -  5d(2De) - - - 14029.3 14084.5 13672.8 13725.2 - - - - - - - -
7p(2D°) -  5d(2Fe) - 13507.7 - 13176.9 12933.1 - - - - - - -
7p(4S°) — 5d(4Pe) - - 13033.6 13015.9 12983.8 - - - - - - - - - -
7p(4S°) -  5d(4De) - - 12924.4 12795.5 12807.9 - - - - - - - - - -
7p(4S°) -  5d(4Fe) - - - 12276.2 12314.7 - - - - - - - - - -
7p(4P ° ) - 5 d ( 4Pe) 13497.2 13478.2 13469.2 13450.3 13416.0 13148.2 13115.5 - - - - - - ________-________-_________;
Table 6.3: continued
Transition Mult 1/2,1/2 1/2,3/2 3/2,1/2 3/2,3/2 3/2,5/2 5/2,3/2 5/2,5/2 5/2,7/2 7/2,5/2 7/2,7/2 7/2,9/2 9/2,7/2 9/2,9/2 9/2,11/2 11/2,9/2 11/2,T W
0 5
7p(4P°) -  5d(4De) 13380.1 13242.0 13352.6 13215.1 13228.3 12923.4 12936.1 13612.6 - - - - - - - -
7p(4P°) -  5d(4Fe) - 12686.6 - 12661.9 12702.9 12393.9 12433.2 12593.5 - - - - - - - -
7p(4D ° ) - 5 d ( 4Pe) 13680.1 13660.5 13688.7 13669.1 13633.7 13559.2 13524.4 - 13201.6 - - - - - - -
7p(4D°) — 5d(4De) 13559.8 13418.0 13568.3 13426.3 13440.0 13320.3 13333.7 14053.6 13019.9 13705.4 - - - - - -
7p(4D ° ) - 5 d [ 4Fe) 
7p(2S°) -  5s( Pe)
- 12848.0 - 12855.6 12897.9 12758.4 12800.1 12970.0 12510.5 12672.9 12920.8 - - - - -
7023.2 7120.8 - - - - - - - - - - - - - -
7p(2P ° ) - 5 s ( 2Pe) 6707.2 6796.1 6695.0 6783.6 - - - - - - - - - - - -
7p(2D°) -  5s(2Pe) - - 6856.5 6949.4 - 6860.8 - - - - - - - - - -
7p(4S°) -  5s(4Pe) - - 6491.8 6536.0 6607.4 - - - - - - - - - - -
7p(4P°) -  5s(4Pe) 6604.8 6650.6 6598.1 6643.8 6717.5 6569.2 6641.3 - - - - - - - - -
7p(4D°) — 5s(4Pe) 6648.3 6694.7 6650.3 6696.7 6771.6 6670.2 6744.6 - 6663.3 - - - - - - -
7p(2S ° ) - 4 d ( 2Pe) 5757.4 5721.8 - - - - - - - - - - - - - -
7p(2S°) -  4d(2De) - 5949.7 - - - - - - - - - - - - - -
7p(2P°) -  4d(2Pe) 5543.3 5510.3 5535.0 5502.0 - - - - - - - - - - - -
7p(2P°) -  4d(2De) - 5721.3 - 5712.4 5730.3 - - - - - - - - - - -
7p(2P°) -  4d(2Fe) - - - - 5541.2 - - - - - - - - - - -
7p(2D ° ) - 4 d ( 2Pe) - - 5644.9 5610.6 - 5552.7 - - - - - - - - - -
7p(2D°) -  4d(2De) - - - 5829.6 5848.3 5767.1 5785.4 - - - - - - - - -
7p(2D°) -  4d(2Fe) - - - - 5651.4 - 5592.6 5505.7 - - - - - - - -
7p(4S°) — 4d(4Pe) - - 5574.9 5568.5 5556.9 - - - - - - - - - - -
7p(4S°) -  4d(4De) - - 5478.3 5488.8 5493.3 - - - - - - - - - - -
7p(4S°) — 4d(4Fe) - - - 5329.6 5344.1 - - - - - - - - - - -
7p(4P°) -  4d(4Pe) 5658.1 5651.5 5653.1 5646.6 5634.6 5592.6 5580.9 - - - - - - - - -
7p(4P°) — 4d(4De) 5558.6 5569.3 5553.8 5564.5 5569.2 5512.1 5516.7 5695.8 - - - - - - - -
7p(4P°) -  4d(4Fe) - 5405.6 - 5401.1 5415.9 5351.7 5366.2 5392.8 - - - - - - - -
7p(4D°) -  4d(4Pe) 5689.9 5683.3 5691.4 5684.8 5672.7 5665.7 5653.7 - 5596.5 - - - - - - -
7p(4D°) -  4d(4Dc) 5589.3 5600.2 5590.8 5601.6 5606.3 5583.1 5587.8 5771.5 5531.9 5711.9 - - - - - -
7p(4D°) — 4d[4Fe) 
7p(2S°) — 4s( Pe)
- 5434.7 - 5436.0 5451.0 5418.6 5433.5 5460.7 5380.6 5407.3 5439.8 - - - - -
3093.6 3111.6 - - - - - - - - - - - - - -
7p(2P ° ) - 4 s ( 2Pe) 3030.7 3048.0 3028.2 3045.4 - - - - - - - - - - - -
7p(2D ° ) - 4 s ( 2Pe) - - 3060.8 3078.4 - 3060.9 - - - - - - - - - -
7p( S°) — 4s( Ps) - - 2900.4 2909.3 2923.0 - - - - - - - - - - -
7p(4P°) — 4s(4Pe) 2922.7 2931.7 2921.4 2930.4 2944.3 2915.8 2929.6 - - - - - - - - -
7p(4D°) — 4s(4Pe) 2931.2 2940.3 2931.6 2940.7 2954.7 2935.6 2949.5 - 2933.9 - - - - - - -
7p(2S°) -  3d(2Pe) 2556.7 2549.2 - - - - - - - - - - - - - -
7p(2S°) -  3d(2De) - 2614.1 - - - - - - - - - - - - - -
7p(2P°) -  3d(2Pe) 2513.6 2506.4 2511.9 2504.7 - - - - - - - - - - - -
7p(2P°) -  3d(2De) - 2569.0 - 2567.2 2570.6 - - - - - - - - - - -
Table 6.3: continued
Transition
7p(*P0) -  3d(*Fe) - - - - 2465.5 - - - - - - - - - - -
7p(2D°) — 3d(2Pe) - - 2534.3 2526.9 - 2515.1 - - - - - - - - - -
7p(2D°) -  3d(2De) - - - 2590.6 2594.1 2578.2 2581.7 - - - - - - - - -
7p(2D°) — 3d(2Fe) - - - - 2487.1 - 2475.6 2485.7 - - - - - - -
7p(4S ° ) - 3 d ( 4Pe) - - 2468.8 2464.8 2460.3 - - - - - - - - - - -
7p(4S°) -  3d(4De) - - 2475.5 2477.6 2477.7 - - - - - - - - - - -
7p(4S ° ) - 3 d ( 4Fe) - - - 2391.7 2394.7 - - - - - - - - - - -
7p(4P ° ) - 3 d ( 4Pe) 2485.0 2480.9 2484.0 2479.9 2475.4 2469.5 2465.0 - - - - - - - - -
7p(4P°) -  3d(4De) 2491.7 2493.9 2490.8 2492.9 2493.0 2482.4 2482.5 2482.8 - - - - - - - -
7p(4P ° ) - 3 d ( 4Fe) - 2406.8 - 2405.9 2409.1 2396.1 2399.2 2403.7 - - - - - - - -
7p( D°) -  3d( Pe) 2491.1 2487.0 2491.4 2487.3 2482.8 2483.6 2479.1 - 2468.0 - - - - - - -
7p(4D°) -  3d(4De) 2497.9 2500.1 2498.2 2500.3 2500.4 2496.6 2496.8 2497.1 2485.5 2485.9 - - - - - -
7p(4D°) -  3d(4Fe) 
7p(2S°) — 3s( Pe)
- 2412.6 - 2412.8 2416.0 2409.4 2412.5 2417.1 2402.1 2406.6 2412.5 - - - - -
1193.9 1196.5 - - - - - - - - - - - - - -
7p(2P ° ) - 3 s ( 2Pe) 1184.4 1187.0 1184.1 1186.6 - - - - - - - - - - - -
7p(2D ° ) - 3 s ( 2Pe) - - 1189.0 1191.6 - 1188.9 - - - - - - - - - -
7p( S°) — 3s( Pe) - - 1138.2 1139.5 1141.6 - - - - - - - - - - -
7p(4P ° ) - 3 s ( 4Pe) 1141.6 1143.0 1141.4 1142.8 1144.8 1140.5 1142.6 - - - - - - - - -
7p(4D°) -  3s(4Pc) 
7p(2S°) -  2p (2Se)
1142.9 1144.3 1143.0 1144.3 1146.4 1143.5 1145.6 - 1143.3 - - - - - - -
1299.8 - - - - - - - - - - - - - - -
7p(2S°) — 2p4(2Pe) - 937.6 - - - - - - - - - - - - - -
7p(2S°) -  2p4(2De) 1669.9 1665.2 - - - - - - - - - - - - - -
7p(2P°) -  2p4(2Se) 1288.6 - 1288.1 - - - - - - - - - - - - -
7p(2P°) -  2p4(2Pe) - 931.8 - 931.6 931.5 - - - - - - - - - - -
7p(2P°) — 2p4(2De) 1651.4 1646.8 1650.7 1646.1 - - - - - - - - - - - -
7p(2D°) -  2p4(2Se) - - 1294.0 - - - - - - - - - - - - -
7p(2D°) — 2p4(2Pe) - - - 934.6 934.5 933.0 932.9 - - - - - - - - -
7p(2D°) — 2p4(2De) - - 1660.3 1655.7 - 1650.6 - - - - - - - - - -
7p(4S ° ) - 2 p 4(4Pe) - - 653.5 653.2 652.5 - - - - - - - - - - -
7p(4P ° ) - 2 p 4(4Pe) 654.7 654.3 654.6 654.2 653.5 653.5 652.8 - - - - - - - - -
7p(4D°) -  2p4(4Pe) 
7s( Pe) -  6p(2S°)
655.1 654.7 655.1 654.8 654.1 654.5 653.8 - 653.0 - - - - - - -
28034.3 - 26577.7 - - - - - - - - - - - - -
7s(2Pe) -  6p(2P°) 37621.8 38265.4 35044.4 35602.2 - - - - - - - - - - - -
7s(2Pe) - 6 p ( 2D°) - 32594.1 - 30641.7 32442.6 - - - - - - - - - - -
7s(4Pe) -  6p(4S°) 36510.2 - 35126.3 33049.2 - - - - - - - - - -
7s(4Pe) -  6p(4P°) 32800.6 33077.5 31679.3 31937.5 33576.2 30211.1 31673.4 - - - - - - - - -
7s(4Pe) - 6 p ( 4D°) 31122.3 31375.2 30111.1 30347.7 31120.3 28784.7 29478.9 30791.2 - - - - - - - -
7s(2Pe) -  5p(2S°) 8886.8 - 8735.1 - - - - - - - - - - - - -
Table 6.3: continued
Transition 
7s(2Pe) - 5 p ( 2P°) 
7s(2Pe) -  5p(2D°) 
7s(4Pe) — 5p(4S°) 
7s(4Pc) -  5p(4P°) 
7s(4Pe) -  5p(4D°) 
7s(2Pe) - 4 p ( 2S°) 
7s(2Pe) — 4p(2P°) 
7s(2Pe) - 4 p ( 2D°) 
7s(4Pe) — 4p(4S°) 
7s(4Pe) — 4p(4P°) 
7s(4Pe) — 4p(4D°) 
7s(2Pe) — 3p(2S°) 
7s(2Pe) - 3 p ( 2P°) 
7s(2Pe) — 3p(2D°) 
7s(4Pe) -  3p(4S°) 
7s(4Pe) — 3p(4P°) 
7s(4Pe) - 3 p  4D°) 
7s(2Pe) -  2p (2P°) 
7s(2Pe) -  2p4(2D°) 
6g(4Ge) - 5 f ( 4D°) 
6g(4Ge) — 5f(4F°) 
6g(4Ge) — 5f(4G°) 
6g(4Ge) -  4f(4D°) 
6g(4Ge) -  4f(4F°) 
6g(4Ge) — 4f(4G°) 
6f(4D ° ) - 5 g ( 4Ge) 
6f(4F°) -  5g(4Ge) 
6f(4G°) -  5g(4Ge) 
6f(4D°) -  5d(4Pe) 
6f(4D°) -  5d(4De) 
6f(4D ° ) - 5 d ( 4Fe) 
6f(4F°) -  5d(4Pe) 
6f(4F°) — 5d(4De) 
6f(4F°) — 5d(4Fe) 
6f(4G°) -  5d(4Pe) 
6f(4G°) -  5d(4De) 
6f(4G°) -  5d(4Fe) 
6f(4D°) — 4d(4Pe)
Mult 1/2,1/2 1/2,3/2 3/2,1/2 3/2,3/2 3/2,5/2 5/2,3/2 5/2,5/2 5/2,7/2 7/2,5/2 7/2,7/2 7/2,9/2 9/2,7/2 9/2 ,9 /2  9/2,11/2' 11/2,9/2 11/2,11/2  
10360.9 10448.8 10155.2 10239.7 ..............................................................................................................................................................
- 9765.8 - 9582.8 9742.8 - - - - - - - - - -
- 9966.8 - 9860.8 - 9689.8 - - - - - - - - -
9578.1 9621.3 9480.1 9522.4 9609.1 9362.9 9446.7 - - - - - - - -
9308.3 9348.9 9215.8 9255.5 9329.3 9104.8 9176.1 9292.7 - - - . . - -
3716.6 - 3689.8 - - - - - - - - _ _ _ .
4252.4 4268.6 4217.4 4233.2 - - - - - _ - _ . _ -
- 4178.4 - 4144.6 4175.1 - - - - - - - - - -
- 3942.1 - 3925.3 - 3898.0 - - - - - . - - -
3946.5 3972.0 3929.7 3955.1 3950.8 3927.3 3923.1 - - - - - - - -
3862.3 3869.6 3846.3 3853.5 3866.4 3827.1 3839.8 3858.5 - - - - - - -
1470.7 - 1466.5 - - - - - - - - - - - -
1731.1 1732.9 1725.3 1727.1 - - - - - - - - - - -
- 1655.2 - 1649.9 1655.1 - - - - - - - - - -
- 1681.0 - 1677.9 - 1672.9 - - - - - - - - -
1579.6 1580.8 1576.9 1578.1 1580.4 1573.7 1575.9 - - - - - - - -
1540.3 1541.6 1537.8 1539.1 1541.2 1534.9 1537.0 1540.0 - - - - - - -
432.0 432.0 431.7 431.7 - - - - - - - - - - -
- 408.0 - 407.7 407.6 - - - - - - - - - -
- - - - - 18439.5 18444.1 17471.7 18407.4 18411.9 - 18411.8 - - -
- - - - - 19113.7 19136.2 19241.8 19584.2 19694.9 19723.9 18582.2 19723.7 - 18562.7
- - - - . - 17672.1 17677.9 18687.2 18693.6 18837.9 18439.8 19025.5 19007.3 18326.2
- - - - - 6430.0 6430.3 6451.1 6500.1 6501.2 - 6452.3 - - -
- - - - . 6537.6 6539.3 6554.5 6673.5 6563.2 6695.0 6559.1 6556.1 - 6563.4
- - . . . - 6400.5 6437.0 6528.9 6430.8 6495.1 6398.1 6426.0 6488.6 6433.2
- . - 18205.6 - 19174.4 18729.0 19171.5 18726.2 18726.5 - - - -
- . - 18084.3 - 18072.7 17676.5 17995.2 17995.9 18676.4 17920.2 17611.6 17991.0 -



















6190.9 6183.0 6250.9 6242.8 6228.3
17790.4 17730.5 - 17728.1 . . .  -
17381.3 17404.2 18232.6 17401.9 18648.5
16436.8 16506.0 16789.7 16503.9 16787.5 17225.3
16838.1 16737.6 - 16717.5 . . . .
16426.1 16446.5 17555.7 16427.2 17556.0 - 17542.7
15580.0 15683.0 15938.9 15624.6 15878.6 16269.7 15886.0 16277.5
17495.5 17437.5 - 17434.3 . . .  -
17099.7 17121.9 18327.3 17046.3 18323.8 - 17667.2
16184.7 16251.8 16526.7 16183.7 16523.8 16876.8 15988.1 16384.7 
6290.9 6276.1 - 6275.8 -
- 16392.5
Table 6.3: continued
Transition Mult 1/2 ,1 /2  1/2 ,3 /2  3 /2 ,1 /2  3 /2 ,3 /2  3 /2 ,5 /2  5 /2 ,3 /2  5/2 ,5 /2  5/2 ,7 /2  7 /2 ,5 /2  7 /2 ,7 /2  7/2 ,9 /2  9 /2 ,7 /2  9 /2 ,9 /2  9/2,11/2 11/2,9/2 11/2,11/2
6f(4D° — 4d(4De) 6072.0 6084.8 6071.9 6084.7 6148.4 6189.2 6194.9 6421.6 6194.6 6421.3 - - _ - - -
6f(4D° — 4d(4Fe) - 5889.9 - 5889.8 5962.1 5987.7 6005.9 6039.2 6005.6 6038.9 6079.4 - - - - -
6f(4F° — 4d(4Pe) - - 6176.7 6168.9 6154.6 6167.5 6147.0 - 6144.3 - - - - - - -
6f(4F° — 4d(4De) - - 6058.3 6071.1 6076.6 6063.6 6069.1 6286.6 6069.2 6283.7 - 6284.9 - - - -
6f(4F° — 4d(4Fe) - - - 5877.1 5894.6 5870.1 5887.6 5925.4 5887.6 5917.0 5955.9 5918.1 5957.0 - - -
6f(4G° - 4 d ( 4Pe) - - - - - 6253.6 6239.0 - 6228.9 - - - - - - -
6f(4G° -  4d(4De) - - - - - 6153.1 6158.8 6382.8 6158.4 6372.3 - 6300.8 - - - -
6f(4G° -  4d(4Fe) - - - - - 5953.9 5971.9 6004.8 5971.5 6004.4 6044.5 5995.9 6035.8 - 5972.3 -
6f(4D° -  3d(4Pe) 2582.6 2578.2 2593.0 2588.5 2583.6 2596.7 2591.8 - 2591.8 - - - - - - -
6f(4D° — 3d(4De) 2589.9 2592.2 2600.3 2602.7 2602.8 2602.6 2611.1 2611.5 2611.1 2611.5 - - - - - -
6f(4D° -  3d(4Fe) - 2498.3 - 2498.3 2511.4 2515.7 2519.1 2524.1 2519.1 2524.1 2530.6 - - - - -
6f(4F° -  3d(4Pe) - - 2580.2 2575.7 2570.9 2574.4 2569.5 - 2569.5 - - - - - - -
6f(4F° — 3d(4De) - - 2587.4 2589.7 2589.8 2588.4 2588.5 2588.9 2588.5 2588.9 - 2588.6 - - - -
6f(4F° — 3d(4Fe) - - - 2496.0 2499.3 2494.7 2498.1 2503.0 2498.1 2502.5 2509.4 2502.7 2509.1 - - -
6f(4G° -  3d(4Pe) - - - - - 2590.4 2585.5 - 2585.4 - - - - - - -
6f(4G° -  3d(4De) - - - - - 2604.6 2604.7 2605.1 2602.9 2605.0 - 2603.4 - - - -
6f(4G° — 3d(4F6) - - - - - 2509.7 2513.1 2518.1 2513.1 2518.0 2524.5 2505.2 2523.0 - 2511.8 -
6d(2Pe -  6p(2S°) 36204.5 - 36622.8 - - - - - - - - - - - - -
6d(2Pe - 6 p ( 2P°) 53964.8 55299.0 54899.5 56280.9 - - - - - - - - - - - -
6d(2Pe -  6p(2D°) - 44187.9 - 44812.6 48772.1 - - - - - - - - - - -
6d(2De — 6p(2S°) - - 34168.9 - - - - - - - - - - - - -
6d(2De - 6 p ( 2P°) - - 49563.7 50686.8 - 50275.6 - - - - - - - - - -
6d(2De - 6 p ( 2D°) - - - 41192.7 44514.7 40920.8 44197.2 - - - - - - - - -
6d(2Fe -  6p(2P°) - - - - - 55118.9 - - - - - - - - - -
6d(2Fe -  6p(2D°) - - - - - 44072.8 47897.1 - 49859.9 - - - - - - -
6d(4Pe -  6p(4S°) - 48866.0 - 49010.3 - 49274.2 - - - - - - - - - -
6d(4Pe -  6p(4P°) 42441.6 42906.3 42550.3 43017.5 46044.4 43220.7 46277.2 - - - - - - - - -
6d(4Pe -  6p(4D°) 39673.4 40085.3 39768.4 40182.3 41548.0 40359.5 41737.5 44418.0 - - - - - - - -
6d(4De -  6p(4S°) - 47816.4 - 50907.7 - 50795.3 - - - - - - - - - -
6d(4De -  6p(4P°) 41647.6 42095.0 43973.3 44472.4 47715.2 44386.6 47616.4 - 41613.4 - - - - - - -
6d(4De - 6 p ( 4D°) 38978.7 39376.2 41008.7 41448.9 42903.6 41374.3 42823.7 45650.3 37905.9 40103.9 - - - - - -
6d(4Fe -  6p{4S°) - - - 57920.7 - 57434.8 - - - - - - - - - -
6d(4Fe -  6p(4P°) - - 49109.4 49732.8 53823.3 49374.2 53403.6 - 50517.8 - - - - - - -
6d(4Fe -  6p(4D°) - - 45440.7 45981.9 47779.1 45675.2 47448.0 50942.8 45156.2 48310.3 - 44659.6 - - - -
6d(4Pe -  5f(4D°) 19731.8 19249.5 19755.3 19271.8 18804.2 19312.5 18842.9 18847.7 - - - - - - - -
6d(4Pe -  5f(4F°) - 19985.3 - 20009.4 20034.1 20053.3 20078.0 20194.4 - - - - - - - -
6d(4Pe -  5f(4G°) - - - - 19096.3 - 19136.2 19143.0 - - - - - - - -
6d(4De -  5f(4D°) 19558.4 19084.4 20056.6 19558.5 19077.0 20041.4 19061.2 19066.1 18020.6 18024.9 - - - - - -
Table 6.3: continued
6d(4De -  5f(4F°) - 19807.5 - 20318.6 20344.0 20300.7 20445.9 20497.8 19147.0 19299.3 19280.5
' / 7 # —- / — 7- / ~ / —7-- t ~ --T —7- / —
.
6d(4De -  5f(4G°) - - - - 19377.7 - 19361.4 19368.3 18288.7 18294.8 18433.0 - - - - -
6d(4Fe -  5f(4D°) - - 21061.3 20512.7 19983.7 20451.4 20457.0 19930.9 20018.9 19514.9 - 18891.1 - - - -
6d(4Fe -  5f(4F°) - - - 21350.4 21378.4 21284.0 21311.9 21443.0 20836.9 21017.4 20995.0 20244.2 20274.8 - - -
6d(4Fe -  5f(4G°) - - - - 20313.9 - 20253.8 20261.4 19824.4 19831.6 19994.1 19187.7 19339.8 19972.9 - -
6d(2Pe -  5p(2S°) 9571.5 - 9600.5 - - - - - - - - - - _ - -
6d(2Pe -  5p(2P°) 11303.7 11408.4 11344.1 11449.6 - - - - - - - - - _ - -
6d(2Pe -  5p(2D°) - 10599.0 - 10634.5 10831.9 - - - - - - - - _ - -
6d(2De -  5p(2S°) - - 9423.1 - - - - - - - - - - - - -
6d(2De - 5 p ( 2P°) - - 11097.3 11198.2 - 11178.0 - - - - - - - - - -
6d(2De — 5p( D°) - - - 10417.3 10606.6 10399.8 10588.5 - - - - - - - - -
6d(2Fe -5 P (* P ”) - - - - - 11400.7 - - - - - - - - - -
6d(2Fe ~  5p( D°) - - - - - 10592.3 10788.1 - 10884.6 - - - - - - -
6d(4P e -  5p( S”) - 10705.8 - 10712.7 - 10725.2 - - - - - - - - - -
6d(4P e - 5 p ( 4P”) 10258.6 10308.1 10264.9 10314.5 10416.4 10326.2 10428.2 - - - - - - - - -
6d(4Pe -  5p( D°) 9949.7 9996.1 9955.7 10002.1 10088.3 10013.1 10099.5 10240.8 - - - - - - - -
6d(4De - 5 p ( 4S«) - 10654.5 - 10800.7 - 10795.6 - - - - - - - - - -
6d(4De -  s p ^ ) 10211.5 10260.6 10345.7 10396.1 10499.5 10391.4 10494.7 - 10171.4 - - - - - - -
6d(4De -5 p < 4D°) 9905.5 9951.4 10031.6 10078.8 10166.3 10074.4 10161.8 10305.0 9858.3 9993.0 - - - - - -
6d(4Fe - 5p( S") - - - 11085.5 - 11067.5 - - - - - - - - - -
6d(4Fe -  5p(4P°) - - 10606.7 10659.7 10768.5 10643.1 10751.5 - 10629.3 - - - - - -
6d(4Fe -  SpfD ") - - 10276.9 10326.3 10418.2 10310.8 10402.4 10552.5 10287.9 10434.7 - 10253.6 - - - -
6d(4Pe -  4f(4D°) 6643.8 6600.1 6646.5 6602.8 6548.9 6651.3 6553.6 6554.8 - - - - - - - -
6d(4P e -  4f(4F°) - 6720.3 - 6723.1 6742.2 6728.0 6729.9 6755.1 - - - - * - - -
6d(4Pe -  4f(4G°) - - - - 6578.2 - 6582.9 6584.3 - - - - * - - -
6d(4De -  4f(4D°) 6624.1 6580.6 6680.2 6636.1 6581.7 6634.2 6579.8 6581.0 6451.2 6452.3 - - - - - -
6d(4De -  4f(4F°) - 6700.1 - 6757.6 6759.5 6755.6 6774.9 6782.9 6621.9 6637.5 6643.2 - - - - *
6d(4De — 4f(4G°) - - - - 6611.2 - 6609.3 6641.6 6479.6 6510.6 6576.6 - - - - -
6d(4Fe -  4f(4D°) - - 6788.1 6742.5 6686.4 6781.4 6679.9 6681.0 6632.5 6633.6 - 6560.0 - - - -
6d(4Fe -  4f(4F°) - - - 6868.0 6869.9 6861.1 6863.1 6879.8 6813.0 6829.5 6835.5 6751.5 6757.3 - - -
6d(4Fe -  4f(4G°) - - - - 6716.9 - 6710.3 6711.8 6662.4 6663.9 6694.4 6620.2 6688.4 6685.7 - -
6d(2Pe — 4p(2S°) 3831.2 - 3835.9 - - - - - - - - - - - - -
6d{2Pe — 4p(2P°) 4403.2 4420.4 4409.3 4426.6 - - - - - - - - - -
6d(2P e — 4p( D°) - 4323.9 - 4329.8 4363.1 - - - - - - - - - - -
6d(2De — 4p(2S°) - - 3807.2 - - - - - - - - - - - -
6d(2De - 4 p ( 2P°) - - 4371.5 4388.5 - 4385.4 - - - - - - - - - -
6d(2De - 4 p ( 2D°) - - - 4293.3 4326.1 4290.4 4323.1 - - - - - - - - "
6d(2Fe -  4p( P°) - _ . _ . 4419.3 - - - - - - - - - -
Table 6.3: continued
'Transition Mult 1/2,1/2 1 /2 ,3 /2  3 /2 ,1 /2  3 /2 ,3 /2  3 /2 ,5 /2  5 /2 ,3 /2  5 /2 ,5 /2  5 /2 ,7 /2  7/2 ,5 /2  7/2 ,7 /2  7 /2 ,9 /2  9 /2 ,7 /2  9 /2 ,9 /2  9 /2,11/2 11/2,9/2 11/2,11/2
m o o  XOKC n  a o *7 rr6d(2Fe - M y ° ) - - - - - 4322.8 4356.0 - 4371.7 . . _ - -
6d(4Pe — 4p( S°) - 4052.7 - 4053.7 - 4055.5 - - - - - - - - -
6d(4Pe -  4p(4P°) 4057.3 4084.4 4058.3 4085.4 4080.8 4087.2 4082.6 - - - - - - - -
6d(4Pe -  4p(4D°) 3968.5 3976.1 3969.4 3977.1 3990.8 3978.8 3992.6 4012.8 - - - . - -
6d(4De ~  4p(4S°) - 4045.3 - 4066.2 - 4065.5 - - - - - - - - -
6d(4De - 4 p (  P°) 4050.0 4076.9 4070.9 4098.1 4093.5 4097.4 4092.8 - 4042.7 - - - - - -
6d(4De “  4p(4D°) 3961.4 3969.0 3981.5 3989.1 4003.0 3988.4 4002.3 4022.6 3954.3 3974.1 - - - -
6d(4Fe ~  4p( S°) - - - 4105.9 - 4103.5 - - - - - - - - -
6d(4Fe — 4p(4P°) - - 4110.7 4138.5 4133.8 4136.0 4131.3 - 4113.1 - - - - - -
6d(4Fe - 4 p ( 4D°) - - 4019.5 4027.3 4041.4 4025.0 4039.1 4059.7 4021.7 4042.2 - 4014.7 - - - -
6d(2P e -  3p( S°) 1488.3 - 1489.0 - - - - - - - - - - - -
6d(2P e -  3p(2P°) 1755.6 1757.4 1756.6 1758.4 - - - - - - - - - - -
6d(2Pe -  3p(2D°) - 1677.6 - 1678.5 1683.9 - - - - - - - - - -
6d(2De -  3p(2S°) - - 1484.7 - - - - - - - - - - - -
6d(2De -  3p(2P°) - - 1750.5 1752.4 - 1751.9 - - - - - - - - -
6d(2De -  3p(2D°) - - - 1673.0 1678.3 1672.5 1677.9 - - - - - - - -
6d(2Fe -  3p(2P°) - - - - - 1757.2 - - - - - - - - -
6d(2Fe -  3p(2D°) - - - - - 1677.4 1682.8 - 1685.2 - - - - - -
6d(4Pe -  3p(4S°) - 1700.7 - 1700.9 - 1701.2 - - - - - - - - -
6d(4Pe -  3p(4P°) 1597.1 1598.3 1597.2 1598.4 1600.8 1598.7 1601.1 - - - - - - - -
6d(4Pe -  3p( D°) 1556.9 1558.3 1557.1 1558.4 1560.7 1558.7 1560.9 1564.0 - - - - - - -
6d(4De -  3p(4S°) - 1699.5 - 1703.1 - 1703.0 - - - - - - - - -
6d(4De -  3p( P°) 1596.0 1597.1 1599.2 1600.4 1602.7 1600.3 1602.6 - 1594.9 - - - - - -
6d(4De -  3p(4D°) 1555.8 1557.2 1558.9 1560.3 1562.5 1560.2 1562.4 1565.4 1555.0 1558.0 - - - - -
6d(4Fe -  3p(4S°) - - - 1710.0 - 1709.6 - - - - - - - - -
6d(4Fe - 3 p ( 4P°) - - 1605.3 1606.5 1608.9 1606.1 1608.5 - 1605.7 - - - - - -
6d(4Fe -  3p( D°)
-  2p (2P°)
- - 1564.7 1566.1 1568.3 1565.7 1568.0 1571.0 1565.3 1568.4 - 1564.2 - - - -
6d(2P e 433.5 433.5 433.6 433.6 - - - - - - - - - - -
6d(2Pe -  2p4(2D°) - 409.3 - 409.4 409.4 - - - - - - - - - -
6d(2De - 2 p 4(2P°) - - 433.2 433.2 - 433.2 - - - - - - - - -
6d(2De -  2p ( D°) - - - 409.1 409.0 409.0 409.0 - - - - - - - -
6d(2Fe — 2p4(2P°) - - - - - 433.5 - - - - - - - - -
6d(2Fe -  2p4(2D°) - - - - - 409.3 409.3 - 409.4 - - - - - -
6p(2S° -  6s(2P e) 78807.6 93307.9 - - - - - - - - - - - - -
6p(2P° - 6 s ( 2P e) 45915.0 50486.0 44991.4 49371.6 - - - - - - - - - - -
6p(2D° - 6 s ( 2Pe) - - 56563.2 63664.2 - 57080.7 - - - - - - - - -
6p(4S° ~  6s(4P e) - - 45117.1 47343.6 51460.4 - - - - - - - - - -
6p(4P° — 6s( Pe) 52447.0 55480.0 51754.2 54705.4 60277.4 50484.9 55193.4 - - - - - - - -
Table 6.3: continued
Transition 
6p(4D°) -  6s(4Pe) 
6p(2S ° ) - 5 d ( 2Pe) 
6p(2S°) -  5d(2De) 
6p(2P ° ) - 5 d ( 2Pe) 
6p(2P°) -  5d(2De) 
6p(2P°) -  5d(2Fe) 
6p(2D°) -  5d(2Pe) 
6p(2D°) -  5d(2De) 
6p(2D°) -  5d(2Fe) 
6p(4S°) -  5d(4Pe) 
6p(4S°) -  5d(4De) 
6p(4S ° ) - 5 d ( 4Fe) 
6p(4P ° ) - 5 d ( 4Pe) 
6p(4P°) -  5d(4De) 
6p(4P°) -  5d(4Fe) 
6p(4D ° ) - 5 d ( 4Pe) 
6p(4D ° ) - 5 d ( 4De) 
6p(4D°) -  5d(4Fe) 
6p(2S°) -  5s( Pe) 
6p(2P°) -  5s(2Pe) 
6p(2D°) -  5s(2Pe) 
6p(4S ° ) - 5 s ( 4Pe) 
6p(4P ° ) - 5 s ( 4Pe) 
6p(4D°) -  5s(4Pe) 
6p(2S ° ) - 4 d ( 2Pe) 
6p(2S ° ) - 4 d ( 2De) 
6p(2P ° ) - 4 d ( 2Pe) 
6p(2P°) -  4d(2De) 
6p(2P°) -  4d(2Fe) 
6p(2D°) -  4d(2Pe) 
6p(2D°) -  4d(2De) 
6p(2D ° ) - 4 d ( 2Fe) 
6p(4S°) — 4d(4Pe) 
6p(4S°) -  4d(4De) 
6p(4S°) -  4d(4Fe) 
6p(4P°) -  4d(4Pe) 
6p(4P°) -  4d(4Dc) 
6p(4P°) — 4d(4Fe)
Mult 1/2,1/2 1/2,3/2 3/2,1/2 3 /2,3/2 3/2,5/2 5/2,3/2 5/2,5/2 5/2,7/2 7/2,5/2 7/2,7/2 7/2,9/2 9 /2,7/2 9 /2,9/2 9/2,11/2 11/2,9/2 11/2,11/2
57395.8 61048.2 56555.1 60098.0 66890.9 57281.9 63420.6 - 58093.6 - - - - - -
35842.2 35150.8 - - - - - - - - - - - - -
- 39928.6 - - - - - - - - - - - - -
27034.1 26638.9 26711.2 26325.4 - - - - - - - - - - -
- 29295.5 - 28916.7 29152.2 - - - - - - - - - -
- 26784.7 - - - - - - - - - -
- 30404.1 29905.2 - 28368.2 - - - - - - - - -
- 33294.6 33607.2 31400.6 31678.5  -
- 30499.4 - 28902.4 27755.1 - - - - - - -
- 28656.0 28570.3 28416.1  -
- 28133.3 27529.7 27587.2  - -
- 25233.0 25396.5 - - - - - - - - - -
31447.5 31344.3 31197.2 31095.6 30913.0 29685.0 29518.5  -
30819.1 30096.2 30578.6 29866.8 29934.5 28563.2 28625.1 32161.7  -
- 27372.6 - 27182.7 27372.5 26098.6 26273.5 26999.6  -
33162.0 33047.3 32879.6 32766.8 32564.1 31911.5 31719.2 - 30328.3 - - - - - -
32463.9 31662.9 32193.3 31405.3 31480.2 30618.7 30689.9 34791.7 29385.9 33125.4
O i - 28662.4 - 28451.2 28659.2 27804.1 28002.7 28829.1 26913.0 27675.5 28885.9
10038.9 10239.5 - - - - - - - - - - - - -
9199.4 9367.5 9161.7 9328.5 - - - - - - - - - - -
- - 9560.0 9741.7 - 9572.7 - - - - - - - - -
- - 8911.7 8995.2 9130.9 - - - - - - - - - -
9164.6 9253.0 9143.3 9231.2 9374.2 9102.8 9241.8 - - - - - - - -
9304.9 9396.0 9282.5 9373.2 9520.6 9301.9 9447.0 - 9319.7 - - - - - -
7638.5 7575.9 - - - - - - - - - - - - -
- 7980.7 - - - - - - - - - - - - -
7142.6 7087.8 7119.8 7065.4 - - - - - - - - - - -
- 7440.9 - 7416.2 7446.4 - - - - - - - - - -
- - - - 7130.1 - - - - - - - - - -
- - 7358.1 7299.9 - 7204.6 - - - - - - - - -
- - - 7675.0 7707.4 7569.8 7601.2 - - - - - - - -
- - - - 7369.0 - 7272.0 7125.7 - - - - - - -
- - 7270.3 7259.4 7239.7 - - - - - - - - - -
- - 7106.8 7124.4 7132.0 - - - - - - - - - -
- - - 6858.7 6882.6 - - - - - - - - - -
7437.8 7426.4 7423.7 7412.4 7391.9 7329.4 7309.3 - - - - - - - -
7266.8 7285.2 7253.4 7271.7 7279.6 7191.8 7199.5 7507.5 - - - - - - -




6p(4D°) -  4d(4Pe) 7529.9 7518.2 7515.2 7503.6 7482.6 7457.8 7437.1 - 7357.9 - - - - - - -
6p(4D°) -  4d(4Dc) 7354.7 7373.5 7340.7 7359.4 7367.6 7315.4 7323.4 7642.3 7246.7 7558.8 - - - - - -
6p(4D°) -  4 d fF e) 
6p(2S°) -  4s( Pe)
- 7089.2 - 7076.2 7101.7 7035.5 7060.6 7106.7 6989.3 7034.4 7089.5 - - - - -
3565.3 3589.3 - - - - - - - - . _ _ - -
6p(2P ° ) - 4 s ( 2Pe) 3453.4 3475.9 3448.1 3470.5 - - - - - - . . _ _ - -
6p(2D°) -  4s(2Pe) - - 3503.0 3526.2 - 3503.8 - - - - . - - -
6p(4S°) — 4s(4Pe) - - 3300.9 3312.4 3330.2 - - - - - - - - - - -
6p(4P ° ) - 4 s ( 4Pe) 3335.0 3346.7 3332.1 3343.8 3362.0 3326.8 3344.8 - - - - - - - - -
6p(4D°) -  4s(4Pe) 3353.3 3365.2 3350.4 3362.3 3380.6 3353.1 3371.3 - 3354.9 - - - - - - -
6p(2S ° ) - 3 d ( 2Pe) 2870.6 2861.3 - - - - - - - - - - - - - -
6p(2S ° ) - 3 d ( 2De) - 2943.2 - - - - - - - - - - - - - -
6p(2P ° ) - 3 d ( 2Pe) 2797.6 2788.7 2794.1 2785.3 - - - - - - - - - - - -
6p(2P°) -  3d(2De) - 2866.5 - 2862.8 2867.1 - - - - - - - - - - -
6p(2P°) -  3d(2Fe) - - - - 2736.9 - - - - - - - - - - -
6p(2D ° ) - 3 d ( 2Pe) - - 2830.1 2821.0 - 2806.6 - - - - - - - - - -
6p(2D°) -  3d(2De) - - - 2900.6 2904.9 2885.4 2889.7 - - - - - - - - -
6p(2D ° ) - 3 d ( 2Fe) - - - - 2771.4 - 2757.6 2770.0 - - - - - - - -
6p(4S°) -  3d(4Pe) - - 2753.2 2748.1 2742.6 - - - - - - - - - - -
6p(4S°) -  3d(4De) - - 2761.4 2764.1 2764.2 - - - - - - - - - - -
6p(4S ° ) - 3 d ( 4Fe) - - - 2657.5 2661.3 - - - - - - - - - - -
6p(4P ° ) - 3 d ( 4Pe) 2776.8 2771.7 2774.9 2769.7 2764.1 2758.1 2752.5 - - - - - - - - -
6p(4P°) -  3d(4De) 2785.3 2787.9 2783.3 2786.0 2786.1 2774.2 2774.3 2774.8 - - - - - - - -
6p(4P°) -  3d(4Fe) - 2679.6 - 2677.8 2681.6 2666.8 2670.7 2676.3 - - - - - - - -
6p(4D°) -  3d(4Pe) 2789.6 2784.4 2787.6 2782.4 2776.7 2776.1 2770.4 - 2759.4 - - - - - - -
6p(4D°) -  3d(4De) 2798.1 2800.8 2796.1 2798.8 2798.9 2792.4 2792.5 2793.0 2781.3 2781.7 - - - - - -
6p(4D°) -  3d(4Fe) 
6p(2S°) -  3s( Pe)
- 2691.4 - 2689.6 2693.5 2683.7 2687.6 2693.2 2677.2 2682.8 2690.1 - - - - -
1258.2 1261.0 - - - - - - - - - - - - - -
6p(2P ° ) - 3 s ( 2Pe) 1243.9 1246.7 1243.2 1246.0 - - - - - - - - - - - -
6p(2D°) -  3s(2Pe) - - 1250.3 1253.1 - 1250.3 - - - - - - - - - -
6p(4S°) — 3s(4Pe) - - 1195.0 1196.6 1198.8 - - - - - - - - - - -
6p(4P°) -  3s(4Pe) 1199.5 1201.0 1199.1 1200.6 1202.9 1198.4 1200.7 - - - - - - - - -
6p(4D°) — 3 sr P e) 
6p(2S°) -  2p (2Se)
1201.9 1203.4 1201.5 1203.0 1205.3 1201.8 1204.1 - 1202.0 - - - - - - -
1376.3 - - - - - - - - - - - - - - -
6p(2S°) -  2p4(2Pe) - 976.8 - - - - - - - - - - - - - -
6p(2S°) -  2p4(2De) 1798.3 1792.9 - - - - - - - - - - - - - -
6p(2P°) -  2p4(2Se) 1359.3 - 1358.5 - - - - - - - - - - - - -
6p(2P°) — 2p4(2Pe) - 968.2 - 967.8 967.7 - - - - - - - - - - -





Transition Mult 1/2,1/2 1/2,3/2 3 /2,1/2 3/2,3/2 3/2,5/2 5/2,3/2 5 /2,5/2 5/2,7/2 7/2,5/2 7/2,7/2 7/2,9/2 9 /2,7/2 9 /2,9/2 9/2,11/2 11/2,9/2 11/2,11/2"
OJ<©
6p(T )0) -  2p4(*Se) - - 1366.9 - - - - -
6p(2D°) — 2p4(2Pe) - - - 972.1 972.0 970.4 970.3 - - - - - - - - -
6p(2D°) -  2p4(2De) - - 1782.3 1777.0 - 1771.3 - - _ - - - . _ - -
6p(4S°) -  2p4 (4Pe) - - 671.9 671.5 670.8 - - - - - - . - - -
6p(4P ° ) - 2 p 4(4Pe) 673.3 672.9 673.2 672.8 672.1 672.1 671.4 - - - - - - - . -
6p(4D ° ) - 2 p 4(4Pe) 
6s( Pe) — 5p(2S°)
674.0 673.7 673.9 673.6 672.8 673.2 672.5 - 671.8 - - . - - - -
15584.5 - 15119.9 - - - - - - - - - - . - -
6s(2Pe) -  5p(2P°) 20765.6 21121.7 19948.7 20277.1 - - - - - - - - - - - -
6s(2Pe) -  5p(2D°) - 18505.2 - 17853.7 18417.1 - - - - - - - - - - -
6s(4Pe) -  5p(4S°) - 19693.3 - 19297.2 - 18687.8 - - - - - - - - - -
6s(4Pe) - 5 p ( 4P°) 18231.3 18388.5 17891.3 18042.7 18356.5 17508.8 17804.2 - - - - - - - - -
6s(4Pe) - 5 p ( 4D°) 17278.2 17418.5 16972.5 17107.9 17361.7 16627.2 16866.8 17264.9 - - - - - - - -
6s( Pe) -  4p( S°) 4531.0 - 4490.9 - - - - - - - - - - - - -
6s(2Pe) - 4 p ( 2P°) 5353.4 5378.9 5297.4 5322.5 - - - - - - - - - - - -
6s(2Pe) — 4p(2D°) - 5236.6 - 5183.1 5231.0 - - - - - - - - - - -
6s(4Pe) — 4p(4S°) - 4899.1 - 4874.2 - 4834.4 - - - - - - - - - -
6s(4Pe) — 4p(4P°) 4905.9 4945.5 4880.9 4920.1 4913.5 4879.6 4873.0 - - - - - - - - -
6s(4Pe) — 4p(4D°) 4776.6 4787.6 4752.9 4763.8 4783.6 4725.8 4745.2 4773.8 - - - - - - - -
6s(2Pe) — 3p(2S°) 1583.3 - 1578.4 - - - - - - - - - - - - -
6s(2Pe) - 3 p ( 2P°) 1889.2 1891.4 1882.2 1884.3 - - - - - - - - - - - -
6s(2Pe) - 3 p ( 2D°) - 1799.2 - 1792.9 1799.0 - - - - - - - - - - -
6s(4Pe) - 3 p ( 4S°) - 1833.7 - 1830.2 - 1824.5 - - - - - - - - - -
6s(4Pe) - 3 p ( 4P°) 1713.7 1715.1 1710.7 1712.0 1714.7 1707.1 1709.8 - - - - - - - - -
6s(4Pe) -  3p(4D°) 
6s(2Pe) -  2p (2P°)
1667.6 1669.1 1664.7 1666.2 1668.8 1661.5 1664.1 1667.5 - - - - - - - -
441.2 441.2 440.9 440.9 - - - - - - - - - - - -
6s(2Pe) -  2p4(2D°) - 416.2 - 415.9 415.8 - - - - - - - - - - -
5g(4Ge) -  4f(4D°) - . . - - 10090.1 9833.4 9716.2 9989.2 9991.9 - 9991.8 - - - -
5g(4Ge) — 4f(4F°) _ _ _ _ _ 10267.6 10272.0 10309.6 10404.5 10443.1 10457.0 10443.0 10457.0 - 10110.3 -
5g(4Gc) -  4f(4G°) _ _ _ . _ _ 9933.5 9936.8 10057.4 10006.3 10163.0 9739.4 10167.6 10286.4 10008.8 10161.3
5f(4F°) -  5d(4Fe) - . - 99422.7 - 98819.2 98495.1 - 98508.7 - - - - - - -
5f(4D°) — 4d(4Pe) 9317.0 9299.2 9316.6 9298.7 9266.4 9526.0 9492.1 - 9490.9 - - - - - - -
5f(4D°) — 4d(4De) 9050.3 9078.8 9049.8 9078.3 9197.3 9294.8 9307.8 9829.1 9306.6 9827.8 - - - - - -
5f(4D°) -  4d(4Fe) - 8651.6 - 8747.7 8786.6 8847.6 8887.4 8960.5 8886.3 8959.4 9048.9 - - - - -
5f(4F°) — 4d(4Pe) - - 9261.6 9243.9 9212.0 9238.7 9182.4 - 9172.0 - - - - - - -
5f(4F°) — 4d(4De) - - 8997.9 9026.1 9038.3 8997.7 9033.3 9497.4 8999.8 9497.5 - 9490.8 - - - -
5f(4F°) — 4d(4Fe) - - . 8603.8 8641.4 8578.0 8615.4 8684.0 8615.5 8684.1 8768.2 8678.5 8762.4 - - -
5f(4G°) -  4d(4Pe) - _ _ _ _ 9452.7 9419.4 - 9379.8 - - - - - - -
5f(4G°) -  4d(4De) - - - - - 9225.1 9237.8 9751.1 9236.3 9749.4 - 9710.6 - - - -
Table 6.3: continued
- - - - - 8784.4 8823.6 8895.6 8822.2 8894.2 8947.8 8731.2 8816.1 - 8820.0
3003.0 2997.0 3002.9 2996.9 2990.4 3020.2 3013.5 - 3013.4 - - . - _
3012.8 3016.0 3012.8 3015.9 3027.7 3039.4 3039.6 3040.2 3039.5 3040.0 - _ _ _
- 2889.6 - 2900.2 2894.0 2911.1 2915.7 2922.3 2915.6 2922.2 2931.0 - - -
- - 2997.2 2991.2 2984.7 2990.7 2981.6 - 2980.5 - - . _ _
- - 3007.0 3010.1 3010.3 3007.0 3007.1 3007.7 3006.0 3006.6 - 3007.0 - _
- - - 2884.2 2888.7 2881.3 2885.8 2892.3 2884.8 2891.3 2899.8 2891.7 2900.3 -
- - - - - 3012.8 3006.1 - 3006.0 - - - - -
- - - - - 3031.9 3032.1 3032.7 3028.0 3028.6 - 3013.3 - -
- - - - - 2904.2 2908.8 2915.4 2905.0 2911.6 2924.0 2911.8 2920.5 - 2906.6
TVansition  ^  ^ Mult 1/2,1/2 1/2,3/2 3 /2,1/2 3/2,3/2 3 /2,5/2 5/2,3/2 5/2,5/2 5/2,7/2 7/2,5/2 7/2,7/2 7/2,9/2 9 /2,7/2 9/2,9/2 9/2,11/2 lT72;9/2'll/2,lT72~
5f(4D°) — 3d(4Pe) V56
5f(4D ° ) - 3 d ( 4De)
5f(4D°) — 3d(4Fe)
5f(4F°) — 3d(4Pe)
5f(4F ° ) - 3 d ( 4De) V74
5f(4F ° ) - 3 d ( 4Fe)
5f(4G°) -  3d(4Pe)
5f(4G°) -  3d(4De)
5f(4G°) -  3d(4Fe)
5d(2Pe) — 5p(2S°) 20426.8 - 20658.4 - - - - - - - - - -
5d(2Pe) -  5p(2P°) 30353.1 31120.0 30867.2 31660.6 - - - - - - - - -
5d(2Pe) -  5p(2D°) - 25754.7 - 26123.9 27348.0 - - - - - - - -
5d(2Dc) -  5p(2S°) - - 19301.0 - - - - - - - - - -
5d(2De) -  5p(2P°) - - 27932.2 28580.3 - 28353.9 .............................................................................................
5d(2De) -  5prD °) - - - 23990.5 25018.9 23830.8 24845.2 - - - - - -
5d(2Fe) — 5p( P°) . . .  .  - 31020.8 .............................................................................................
5d(2Fe) - 5 p ( 2D°)   25686.8 26869.3 - 27943.2 - - - - -
5d(4Pe) -  5p(4S°) - 26283.6 - 26356.1 - 26488.7 - - - - - - -
5d(4Pe) -  5p(4P°) 23742.6 24009.8 23801.7 24070.3 24632.1 24180.8 24747.9 - - - - - -
5d(4Pe) -  5p(4D°) 22151.2 22382.4 22202.7 22435.0 22873.4 22531.0 22973.2 23718.0 ..............................................................
5d(4De) — 5p(4S°) - 26739.3 - 27308.3 - 27252.0 - - - - - - -
5d(4De) — 5p(4P°) 24113.8 24389.5 24575.6 24862.0 25461.9 24815.3 25412.9 - 23152.6 -
5d(4De) -  5p(4D°) 22474.0 22712.0 22874.6 23121.3 23587.2 23080.8 23545.1 24328.0 21592.1 22248.8 -
5d(4Fe) — 5p(4S°) - - - 30018.6 - 29790.5 .............................................................................................
5d(4Fe) — 5p(4P°) - - 26749.0 27088.7 27802.3 26902.8 27606.6 - 26847.8 - - - - -
5d(4Fe) -  5p(4D°) - - 24746.1 25035.0 25582.1 24876.2 25416.3 26331.1 24771.8 25640.0 - 24681.8
5d(4Pe) — 4f(4D°) 10509.2 10509.2 10520.8 10520.8 10412.5 10541.9 10298.6 10301.4 - - - - -
5d(4Pe) -  4f(4F°) - 10701.9 - 10713.9 10718.7 10735.8 10740.6 10781.6 - - - - -
5d(4Pe) — 4f(4G°) - - - - 10350.6 - 10371.0 10374.6 - - - - -
5d(4De) — 4f(4D°) 10581.3 10470.9 10669.3 10557.1 10420.1 10660.7 10549.6 10414.8 10011.5 10014.1 -
5d(4De) — 4f(4F°) - 10776.7 - 10868.0 10872.9 10859.1 10909.1 10906.0 10470.3 10489.4 10481.4
5d(4De) — 4f(4G°) - - - - 10494.3 - 10486.0 10489.7 10080.0 10155.2 10153.2
5d(4Fe) -  4f(4D°) - - 11059.4 10938.9 10791.9 10908.5 10909.4 10765.4 10789.0 10648.0 - 10479.1
5d(4Fe) -  4f(4F°) - - - 11273.1 11278.3 11240.7 11246.0 11291.0 11118.0 11187.0 11177.9 11000.7 10991.9
5d(4Fe) -  4f(4G°) - 10871.5 - 10841.5 10845.4 10722.5 10726.3 10805.4 10554.9 10631.5 10803.6
5d(2Pe) — 4p(2S°) 4866.4 - 4879.5 - - - - - - - - - -
Sd^P8) -  4p(2P°)_________ 5827.9 5858.2 5846.6 5877.1 - - - - - - - - - _______ -_
Table 6.3: continued





* i i •4 1 / i -i-1 - j i i -i -i-i - - 1 —i—/ —--i  - i-i  - — / —i—/ —
5d(2De — 4p( S°) - - 4799.7 - - - - - - - — . _ _ -
5d(2De - 4 p ( 2P°) - - 5732.5 5761.9 - 5752.6 - - - - - - - . -
5d(2De — 4p( D°) - - - 5598.9 5654.8 5590.1 5645.9 - - - - - _ - -
5d(2Fc - 4 p ( 2P°) - - - - - 5854.7 - - - - - - _ -
5d(2Fe - 4 p (  D°) - - - - - 5686.5 5744.2 - 5791.8 - - - - - -
5d(4Pe — 4p( S°) - 5225.0 - 5227.9 - 5233.1 - - - - - _ _ _ -
5d(4Pe -  4p(4P°) 5232.8 5277.8 5235.6 5280.8 5273.1 5286.1 5278.4 - - - - - - - -
5d( Pe - 4 p ( 4D°) 5085.9 5098.4 5088.6 5101.1 5123.8 5106.1 5128.8 5162.1 - - - - - - -
5d(4De - 4 p (  S°) - 5242.8 - 5264.3 - 5262.2 - - - - - - - - -
5d(4De - 4 p (  P°) 5250.6 5296.0 5272.1 5317.9 5310.1 5315.8 5308.0 - 5201.9 - - - - - -
5d(4De - 4 p ( 4D°) 5102.7 5115.3 5123.1 5135.8 5158.7 5133.8 5156.7 5190.5 5056.6 5089.0 - - - - -
5d(4Fe -  4p( S°) - - - 5357.5 - 5350.2 - - - - - - - - -
5d(4Fe - 4 p (  P°) - - 5365.7 5413.1 5405.0 5405.6 5397.6 - 5367.9 - - - - - -
5d(4Fe -  4p{ D°) - - 5211.4 5224.5 5248.2 5217.5 5241.2 5276.1 5213.3 5247.8 - 5206.4 - - - -
5d(2Pe -  3p( S°) 1622.4 - 1623.8 - - - - - - - - - - - -
5d(2Pe -  3p(2P°) 1945.1 1947.4 1947.2 1949.5 - - - - - - - - - - -
5d(2Pe -  3p(2D°) - 1849.8 - 1851.7 1858.3 - - - - - - - - - -
5d(2De -  3p(2S°) - - 1614.9 - - - - - - - - - - - -
5d(2De -  3p(2P°) - - 1934.4 1936.6 - 1935.6 - - - - - - - - -
5d(2De -  3p(2D°) - - - 1840.1 1846.6 1839.2 1845.7 - - - - - - - -
5d(2Fe -  3p(2P°) - - - - - 1947.0 - - - - - - - - -
5d(2Fe -  3p(2D°) - - - - - 1849.5 1856.0 - 1861.0 - - - - - -
5d(4Pe -  3p(4S°) - 1877.5 - 1877.8 - 1878.5 - - - - - - - - -
5d{4Pe -  3p(4P°) 1752.0 1753.4 1752.3 1753.7 1756.5 1754.3 1757.1 - - - - - - - -
5d(4Pe -  3p(4D°) 1703.7 1705.3 1704.0 1705.7 1708.3 1706.2 1708.9 1712.5 - - - - - - -
5d(4De -  3p(4S°) - 1879.8 - 1882.5 - 1882.2 - - - - - - - - -
5d(4De -  3p(4P°) 1753.9 1755.4 1756.3 1757.8 1760.6 1757.5 1760.4 - 1748.6 - - - - - -
5d(4De -  3p( D°) 1705.6 1707.2 1707.9 1709.5 1712.2 1709.3 1712.0 1715.6 1700.8 1704.4 - - - - -
5d(4Fe -  3p(4S°) - - - 1894.3 - 1893.4 - - - - - - - - -
5d(4Fe -  3p(4P°) - - 1766.6 1768.0 1770.9 1767.2 1770.1 - 1766.9 - - - - - -
5d(4Fe -  3p 4D°)
— 2p (2P°)
- - 1717.6 1719.2 1721.9 1718.5 1721.2 1724.9 1718.2 1721.8 - 1717.4 - - - -
5 d (P e 444.2 444.2 444.3 444.3 - - - - - - - - - - -
5d(2Pe -  2p4(2D°) - 418.9 - 418.9 418.9 - - - - - - - - - -
5d(2De -  2p4(2P°) - - 443.7 443.7 - 443.6 - - - - - - - - -
5d(2De — 2p4(2D°) - - - 418.4 418.3 418.3 418.3 - - - - - - - -
5d(2Fe -  2p4(2P°) - - - - - 444.2 - - - - - - - - -
5d(2Fe -  2p4(2D°) - - - - - 418.8 418.8 - 419.1 - - - - - -
Table 6.3: continued
Transition 
5p(2S°) - 5 s ( 2Pe) 
5p(2P°) — 5s(2Pe) 
5p(2D ° ) - 5 s ( 2Pe) 
5p(4S°) — 5s(4Pe) 
5p(4P°) -  5s(4Pe) 
5p(4D ° ) - 5 s ( 4Pe) 
5p(2S°) -  4d(2Pe) 
5p(2S°) -  4d(2De) 
5p(2P ° ) - 4 d ( 2Pe) 
5p(2P°) -  4d(2De) 
5p(2P ° ) - 4 d ( 2Fe) 
5p(2D ° ) - 4 d ( 2Pe) 
5p(2D°) -  4d(2De) 
5p(2D ° ) - 4 d ( 2Fe) 
5p(4S°) — 4d(4Pe) 
5p(4S°) -  4d(4De) 
5p(4S°) — 4d(4Fe) 
5p(4P°) — 4d(4Pe) 
5p(4P°) — 4d(4De) 
5p(4P°) — 4d(4Fe) 
5p(4D°) — 4d(4Pe) 
5p(4D°) — 4d(4De) 
5p(4D°) -  4d(4Fe) 
5p(2S°) — 4s( Pe) 
5p(2P ° ) - 4 s ( 2Pe) 
5p(2D°) -  4s(2Pe) 
5p(4S°) — 4s(4Pe) 
5p(4P°) -  4s(4Pe) 
5p(4D°) -  4s(4Pe) 
5p(2S ° ) - 3 d ( 2Pe) 
5p(2S°) -  3d(2De) 
5p(2P ° ) - 3 d ( 2Pe) 
5p(2P°) -  3d(2De) 
5p(2P°) -  3d(2Fe) 
5p(2D°) -  3d(2Pe) 
5p(2D°) -  3d(2De) 
5p(2D°) — 3d(2Fe) 
5p(4S ° ) - 3 d ( 4Pe)
Mult 1/2,1/2 1/2,3/2 3 /2,1/2 3/2 ,3 /2  3/2,5/2 5/2,3/2 5 /2,5/2 5/2,7/2 7 /2,5/2 7/2,7/2 7/2,9/2 9/2,7/2 9/2 ,9 /2  9/2,11/2 11/2,9/2 11/2,1172
43942.9 48063.0 .............................................................................................................................................................................................
25795.5 27162.3 25266.3 26576.2............. ...............................................................................................................................................................
- 30409.7 32327.5 - 30630.8 - - - - - - - - -
- 25465.3 26159.7 27341.5 - - - - - - - - - -
28411.3 29278.4 28037.9 28882.0 30329.3 28112.6 29482.0 - - - - - - - -
31083.5 32124.3 30639.4 31650.2 33396.7 30816.9 32470.3 - 31090.4 - - - - - -
18498.1 18135.0 - - - - - - - - - - - - -
- 20641.0 - - - - - - - - - - - - -
14271.6 14054.5 14108.1 13895.9 - - - - - - - - - - -
- 15514.2 - 15321.2 15450.8 - - - - - - - - - -
.  14148.6 - - - - - - - - - -
- 15579.5 15321.1 - 14929.2  -
- 17072.2 17233.2 16587.0 16739.0 - - - - - - - -
- 15628.8 - 15221.2 14594.0 - - - - - - -
- 15479.3 15430.1 15341.4 - - - - - - - - - -
- 14756.7 14832.6 14865.6 - - - - - - - - - -
- 13725.5 13821.5 - - - - - - - - - -
16520.6 16464.5 16393.7 16338.4 16239.1 16089.3 15993.0 - - - - - - - -
15700.1 15786.0 15585.4 15670.1 15706.9 15440.8 15476.6 16973.4 - - - - - - -
- 14538.0 - 14439.6 14545.9 14244.7 14348.1 14539.5 - - - - - - -
17389.9 17327.8 17250.0 17188.9 17079.0 16940.1 16833.4 - 16454.8 - - - - - -




- 15099.8 15216.1 14907.5 15020.9 15230.8 14718.7 14920.2 15170.0
4553.1 4592.3 4536.3 4575.2 - - - - - - - - - - -
- - 4678.4 4719.8 - 4681.9 - - - - - - - - -
- - 4347.7 4367.7 4398.7 - - - - - - - - - -
4426.1 4446.8 4416.9 4437.5 4469.5 4418.9 4450.7 - - - - - - - -
4486.2 4507.4 4476.8 4498.0 4530.9 4480.8 4513.4 - 4485.7 - - - - - -
3683.3 3667.9 - - - - - - - - - - - - -
- 3803.6 - - - - - - - - - - - - -
3478.2 3464.4 3468.4 3454.7 - - - - - - - - - - -
- 3585.3 - 3574.9 3581.5 - - - - - - - - - -
- - - - 3380.7 - - - - - - - - - -
- - 3550.8 3536.5 - 3515.2 - - - - - - - - -
- - - 3662.5 3669.5 3639.7 3646.5 - - - - - - - -
- - - - 3458.9 - 3438.6 3457.9 - - - - - - -
- - 3445.0 3437.1 3428.5 - - - - - - - - - -
Table 6.3: continued
Transition
5p(4S°) -  3d(4Dc) - - 3458.0 3462.2 3462.4 - - - - . . . . . . -
5p(4S°) -  3d(4Fe) - - - 3296.6 3302.5 - - - - - - - - - - -
5p(4P ° ) - 3 d ( 4Pe) 3494.1 3485.9 3488.3 3480.2 3471.4 3468.8 3460.0 - - - - - - . - -
5p(4P°) -  3d(4De) 3507.4 3511.7 3501.7 3505.9 3506.1 3494.3 3494.5 3495.2 - - - - - - - -
5p(4P°) -  3d(4Fe) - 3341.5 - 3336.2 3342.3 3325.7 3331.7 3340.4 - - - - - - - -
5p(4D ° ) - 3 d ( 4Pe) 3531.4 3523.1 3525.6 3517.3 3508.3 3506.8 3497.8 - 3481.2 - - - . . - -
5p(4D°) -  3d(4De) 3545.0 3549.4 3539.2 3543.5 3543.7 3532.8 3533.0 3533.8 3516.1 3516.8 - - - - - -
5p(4D°) — 3d(4Fe) 
5p(2S°) -  3s( Pe)
- 3375.6 - 3370.3 3376.4 3360.6 3366.7 3375.6 3351.3 3360.1 3371.7 - - - - -
1392.8 1396.3 - - - - - - - - - - - - - -
5p(2P ° ) - 3 s ( 2Pe) 1362.4 1365.8 1360.9 1364.3 - - - - - - - - - - - -
5p(2D°) -  3s(2Pe) - - 1373.4 1376.8 - 1373.6 - - - - - - - - - -
5p(4S ° ) - 3 s ( 4Pe) - - 1309.1 1311.0 1313.7 - - - - - - - - - - -
5p(4P ° ) - 3 s ( 4Pe) 1316.2 1318.0 1315.3 1317.2 1319.9 1315.5 1318.3 - - - - - - - - -
5p(4D ° ) - 3 s ( 4Pe) 
5p(2S ° ) - 2 p  (2Se)
1321.4 1323.3 1320.6 1322.4 1325.2 1321.0 1323.7 - 1321.3 - - - - - - -
1539.0 - - - - - - - - - - - - - - -
5p( S ° ) - 2 p  ( Pe) - 1056.1 - - - - - - - - - - - - - -
5 p ( S ° ) - 2 p 4(2D e) 2086.0 2078.7 - - - - - - - - - - - - - -
5p( P°) — 2p ( Se) 1502.0 - 1500.2 - - - - - - - - - - - - -
5p(2P°) -  2p4(2Pe) - 1038.5 - 1037.7 1037.6 - - - - - - - - - - -
5p(2P°) -  2p4(2De) 2018.5 2011.7 2015.2 2008.4 - - - - - - - - - - - -
5p(2D°) — 2p4(2Se) - - 1515.4 - - - - - - - - - - - - -
5p(2D°) — 2p4(2Pe) - - - 1044.9 1044.8 1043.0 1043.0 - - - - - - - - -
5p(2D°) -  2p (2De) - - 2042.8 2035.8 - 2028.7 - - - - - - - - - -
5p(4S ° ) - 2 p 4(4Pe) - - 706.5 706.1 705.3 - - - - - - - - - - -
5p(4P°) -  2p4(4Pe) 708.6 708.1 708.3 707.9 707.1 707.4 706.6 - - - - - - - - -
5p rD °) - 2 p 4(4Pe) 
5s( Pe) -  4p(2S°)
710.1 709.7 709.9 709.4 708.6 709.0 708.2 - 707.5 - - - - - - -
7475.2 - 7367.7 - - - - - - - - - - - - -
5s(2Pe) — 4p(2P°) 10012.5 10102.3 9820.7 9907.1 - - - - - - - - - - - -
5s(2Pe) — 4p(2D°) - 9611.8 - 9434.9 9594.7 - - - - - - - - - - -
5s(4Pe) -  4p(4S°) - 8766.5 - 8687.1 - 8564.2 - - - - - - - - - -
5s(4Pe) — 4p(4P°) 8788.3 8916.2 8708.5 8834.1 8812.7 8707.0 8686.2 - - - - - - - - -
5s(4Pe) — 4p(4D°) 8381.8 8415.9 8309.2 8342.7 8403.4 8229.2 8288.3 8375.9 - - - - - - - -
5s(2Pe) — 3p(2S°) 1835.9 - 1829.4 - - - - - - - - - - - - -
5s(2Pe) — 3p(2P°) 2259.6 2262.7 2249.7 2252.7 - - - - - - - - - - - -
5s(2Pe) - 3 p ( 2D°) - 2132.0 - 2123.2 2131.8 - - - - - - - - - - -
5s(4Pe) - 3 p ( 4S°) - 2195.5 - 2190.5 - 2182.6 - - - - - - - - - -
5s(4Pe) - 3 p ( 4P°) 2025.7 2027.6 2021.4 2023.3 2027.1 2016.6 2020.3 - - - - - - - - -
5s(4Pe) -  3p(4D°) 1962.1 1964.3 1958.1 1960.3 1963.8 1953.9 1957.4 1962.2 - - - - - - - -
Table 6.3: continued
Transition Mult 1/2,1/2 1/2,3/2 3 /2,1/2 3/2,3/2 3/2,5/2 5/2,3/2 5/2,5/2 5/2,7/2 7/2,5/2 7/2,7/2 7/2,9/2 9/2,7/2 9/2,9/2 9/2,11/2 11/2,9/2 11/2,11/2
W 2 P e \  _  T T c Q Q  / I C Q  Q  / I C Q  / I  / I C Q  / I5s("Pe -  2p4('/ P°) 458.8 458.8 458.4 458.4 . . . . _ . .
5s(2Pe - 2 p 4(2D°) 
— 4d( De)
- 431.8 - 431.4 431.4 - - - - - - . -
4f(4D° 93826.8 96982.9 93826.8 98410.8 - - - - - - - - -
4f(4D° — 4d(4Fe) - 63494.4 - 67782.8 70190.6 74028.5 76910.0 82750.9 76754.8 82571.3 90851.4 _ _ _ _ -
4f(4F° — 4d(4Pe) - - - - 98187.7 . _ _ _ _ _
4f(4F° -  4d(4De) - 80831.3 83162.8 84210.5 80342.5 81319.9 - 80183.1 - - - - _ - -
4f(4F° -  4d(4Fe) - 57264.1 58973.2 57129.1 58830.0 62187.6 56969.3 60112.3 64384.1 60376.2 64687.0 - - -
4f(4G° — 4d(4Fe) . - 70488.4 73096.0 78352.2 69369.8 74086.5 85525.5 74192.8 80810.4 - 72078.8 -
4f(4D° — 3d(4Pe) V54 4288.9 4276.6 4307.3 4276.6 4263.3 4318.0 4304.4 - 4303.9 - - - - - - -
4f(4D° -  3d(4De) 4309.0 4315.4 4327.6 4334.0 4315.7 4357.6 4357.9 4359.0 4357.4 4358.5 - - - - - -
4f(4D° -  3d(4Fe) - 4061.2 - 4061.2 4086.7 4098.5 4107.6 4120.8 4107.2 4120.4 4137.8 - - - - -
4f(4F° — 3d(4Pe) - 4257.6 4245.5 4232.4 4244.8 4231.6 - 4221.7 - - - - - - -
4f(4F° — 3d(4De) V67 - 4277.4 4283.7 4284.0 4276.0 4276.3 4277.4 4273.1 4277.9 - 4275.6 - - - -
4f(4F° — 3d(4Fe) - 4033.2 4041.9 4032.5 4041.3 4054.1 4032.2 4045.0 4065.1 4046.2 4062.9 - - -
4f(4G° -  3d(4Pe) - - 4305.4 4291.9 - 4291.3 - - - - - - -
4f(4G° -  3d(4De) _ - 4344.7 4345.0 4346.2 4344.4 4345.6 - 4332.7 - - - -
4f(4G° -  3d(4Fe) V48 . - 4087.2 4096.2 4109.3 4083.9 4108.8 4126.1 4097.3 4114.5 - 4089.3 -
4d(2Pe - 4 p ( 2S°) 9758.6 - 9862.8 - - - - - - - - - -
4d(2Pe - 4 p ( 2P°) 14583.2 14774.5 14817.0 15014.6 - - - - - - - - - -
4d(2Pe — 4p( D°) - 13748.3 - 13956.0 14308.6 - - - - - - - - -
4d(2De - 4 p (  S°) - 9251.9 - - - - - - - - - -
4d(2De — 4p( P°) - 13479.9 13643.2 - 13542.1 - - - - - - - - -
4d(2De — 4p( D°) - 12763.5 13057.8 12675.0 12965.1 - - - - - - - -
4d(2Fe - 4 p ( 2P°) - - 14730.4 - - - - - - - - -
4d(2Fe ~  4p(2D°) _ - 13710.1 14050.3 - 14630.7 - - - - - - -
4d(4Pe — 4p(4S°) - 11269.2 - 11295.4 - 11343.4 - - - - - - - - -
4d(4Pe - 4 p (  P°) 11305.3 11517.8 11331.7 11545.2 11508.6 11595.4 11558.5 - - - - - - - -
4d(4Pe — 4p( D°) 10641.4 10696.3 10664.8 10720.0 10820.5 10763.2 10864.5 11015.4 - - - - - - -
4d(4De — 4p(4S°) - 11685.8 - 11638.6 - 11618.4 - - - - - - - - -
4d(4De ~  4p( P°) 11724.6 11953.4 11677.1 11904.0 11865.1 11882.9 11844.1 - 11095.3 - - - - - - -
4d(4De — 4p( D°) 11012.1 11070.9 10970.2 11028.6 11135.0 11010.4 11116.5 11274.5 10454.2 10594.0 - - - - - -
4d(4Fe - 4 p ( S ° ) - 12425.0 - 12347.4 - - - - - - - - -
4d(4Fe - 4 p ( 4P°) - 12469.0 12728.0 12683.5 12646.5 12602.6 - 12458.5 - - - - - - -
4d(4Fe — 4p( D°) - 11666.2 11732.3 11852.7 11663.0 11782.1 11959.8 11656.0 11830.0 - 11677.5 - - - -
4d(2Pe -  3p( S°) 1947.8 - 1951.9 - - - - - - - - - -
4d(2Pe - 3 p ( 2P°) 2431.7 2435.2 2438.1 2441.6 - - - - - - - - - -
4d(2Pe - 3 p ( 2D°) - 2284.5 - 2290.2 2300.2 - - - - - - - - -
4d(2De -  3p( S°) - 1926.8 - - - - - - - - - -
Table 6.3: continued
Transition Mult 1/2,1/2 1/2,3/2 3/2,1/2 3/2,372 3/2,5/2 5/2,3/2 5/2,5/2 5/2,7/2 7/2,5/2 7/2,7/2 7/2,9/2 9/2,7/2 9/2,9/2 9/2,11/2 11/2,9/2 11/2,11/2
o o n e n  o T n o o  o o o o o4d(2De - 3 p (  P°) - - 2398.9 2402.3 - 2399.2 - - - - - - - - - -
4d(2De — 3p( D°) - - - 2255.6 2265.3 2252.8 2262.5 - - - - - - - - -
4d(2Fe -  3p( P°) - - - - - 2434.0 - - - - - - - - - -
4d(2Fe - 3 p ( 2D°) - - - - - 2283.4 2293.4 - 2308.4 - - - - - - -
4d(4Pe — 3p( S°) - 2324.8 - 2325.9 - 2327.9 - - - - - - - - - -
4d(4Pe — 3p( P°) 2135.3 2137.4 2136.2 2138.4 2142.6 2140.1 2144.3 - - - - - - - - -
4d(4Pe — 3p( D°) 2064.1 2066.4 2064.9 2067.3 2071.2 2068.9 2072.8 2078.2 - - - - - - - -
4d(4De — 3p( S°) - 2342.0 - 2340.1 - 2339.3 - - - - - - - - - -
4d(4De — 3p( P°) 2149.8 2152.0 2148.2 2150.4 2154.6 2149.7 2153.9 - 2127.8 - - - - - - -
4d(4De — 3p(4D°) 2077.6 2080.1 2076.1 2078.6 2082.5 2077.9 2081.8 2087.3 2057.4 2062.7 - - - - - -
4d(4Fe - 3 P( S°) - - - 2370.3 - 2367.5 - - - - - - - - - -
4d(4Fe - 3 p ( 4P°) - - 2173.6 2175.8 2180.2 2173.4 2177.8 - 2173.4 - - - - - - -
4d(4Fe - 3 p f 4D°) 
-  2p ( P°)
- - 2099.8 2102.3 2106.4 2100.1 2104.1 2109.7 2100.1 2105.6 - 2100.7 - - - -
4d(2Pe 465.5 465.5 465.8 465.8 - - - - - - - - - - - -
4d(2Pe -  2p4(2D°) - 437.7 - 437.9 437.9 - - - - - - - - - - -
4d(2De — 2p4(2P°) - - 464.3 464.3 - 464.2 - - - - - - - - - -
4d(2De — 2p4(2D°) - - - 436.7 436.6 436.6 436.5 - - - - - - - - -
4d(2Fe — 2p4(2P°) - - - - - 465.5 - - - - - - - - - -
4d(2Fe -  2p4(2D°) - - - - - 437.7 437.6 - 438.2 - - - - - - -
4P(2S° — 4s(2Pe) 21237.4 22117.5 - - - - - - - - - - - - - -
4p( P° — 4s(2Pe) 12347.5 12640.0 12213.6 12499.7 - - - - - - - - - - - -
4P(2D° — 4s(2Pe) - - 13016.8 13342.2 - 13035.1 - - - - - - - - - -
4p( S° — 4s(4Pe) - - 13044.0 13225.4 13513.9 - - - - - - - - - - -
4p(4P° -  4s(4Pe) 12995.9 13176.0 12726.0 12898.6 13172.8 12944.6 13220.8 - - - - - - - - -
4p(4D° — 4s(4Pe) 14000.0 14209.1 13906.0 14112.4 14441.3 13941.9 14262.9 - 14010.8 - - - - - - -
4p(2S° -  3d(2Pe) 8698.7 8613.2 - - - - - - - - - - - - - -
4p( S° -  3d(2De) - 9400.9 - - - - - - - - - - - - - -
4p(2P° -  3d(2Pe) V85 6717.7 6666.6 6677.9 6627.4 - - - - - - - - - - - -
4p(2P° -  3d(2Dc) - 7128.9 - 7084.0 7110.1 - - - - - - - - - - -
4p(2P° -  3d(2Fe) - - - - 6360.0 - - - - - - - - - - -
4p(2D° -  3d(2Pe) - - 6911.0 6856.9 - 6774.9 - - - - - - - - - -
4p(2D° -  3d(2De) - - - 7347.0 7375.0 7252.9 7280.2 - - - - - - - - -
4p( D° — 3d(2Fe) - - - - 6571.1 - 6495.8 6565.3 - - - - - - - -
4p(4S° — 3d(4Pe) - - 7303.1 7267.6 7229.2 - - - - - - - - - - -
4P (S ° — 3d(4De) - - 7361.7 7380.4 7381.3 - - - - - - - - - - -
4P (S ° -  3d( Fe) - - - 6666.8 6690.8 - - - - - - - - - - -
4p( P° — 3d(4Pe) 7288.0 7252.7 7202.3 7167.8 7130.5 7182.0 7144.5 - - - - - - - - -
4p(4P° -  3d(4De) 7346.3 7365.0 7259.3 7277.5 7278.4 7292.1 7293.0 7296.2 - - - - - - - -
Table 6.3: continued
Transition “MuItT
4p(4P°) -  3d(4Fe) - 6654.2 - 6582.7 6606.2 6594.6 6618.2 6652.6 - - - - . . - .
4p(4D°) -  3d(4Pe) 7593.4 7555.1 7565.6 7527.6 7486.4 7478.9 7438.2 - 7369.0 - - - - - - -
4p(4D°) -  3d(4De) 7656.7 7677.0 7628.6 7648.7 7649.7 7598.3 7599.3 7602.8 7527.1 7530.6 - - - - - -
4p(4D°) -  3d[4Fe) 
4p(2S°) — 3s( Pe)
V45 - 6907.9 - 6884.9 6910.6 6844.1 6869.5 6906.5 6810.4 6846.9 6895.1 . - - . -
1781.0 1786.7 - - - - - - - - - - - _ . .
4p(2P°) — 3s(2Pe) 1679.6 1684.7 1677.1 1682.2 - - - - - - - - - - . -
4p(2D°) — 3s(2Pe) - - 1691.4 1696.6 - 1691.5 - - - - - - - - - -
4p(4S°) — 3s(4Pe) - - 1637.8 1640.7 1645.0 - - - - - - - - - - -
4p(4P°) — 3s(4Pe) 1637.1 1639.9 1632.7 1635.5 1639.8 1636.3 1640.5 - - - - - - - - -
4p(4D°) — 3s(4Pe) 
4p(2S°) -  2p (2Se)
1652.0 1654.9 1650.7 1653.6 1657.9 1651.2 1655.5 - 1652.1 - - - - - - -
2026.6 - - - - - - - - - - - - - - -
4p(2S°) -  2p4(2Pe) - 1265.2 - - - - - - - - - - - - - -
4p(2S ° ) - 2 p 4(2De) 3097.5 3081.4 - - - - - - - - - - - - - -
4p( P ° ) - 2 p 4( Se) 1897.0 - 1893.8 - - - - - - - - - - - - -
4p( P°) — 2p ( Pe) - 1213.2 - 1211.8 1211.7 - - - - - - - - - - -
4p(2P°) — 2p4(2De) 2803.1 2789.9 2796.1 2783.0 - - - - - - - - - - - -
4p(2D°) -  2p (2Se) - - 1912.1 - - - - - - - - - - - - -
4p(2D°) -  2p4(2Pe) - - - 1219.3 1219.2 1216.7 1216.6 - - - - - - - - -
4p(2D°) -  2p4(2De) - - 2836.2 2822.7 - 2808.7 - - - - - - - - - -
4p(4S°) — 2p4(4Pe) - - 792.3 791.8 790.8 - - - - - - - - - - -
4p(4P°) -  2p4(4Pe) 792.2 791.6 791.1 790.6 789.6 790.8 789.8 - - - - - - - - -
4p(4D°) -  2p4(4Pe) 
4s( Pe) — 3p(2S°)
795.6 795.1 795.3 794.8 793.8 794.3 793.2 - 792.4 - - - - - - -
UV20 2747.4 - 2733.3 - - - - - - - - - - - - -
4s(2Pe) — 3p(2P°) V34 3821.6 3830.3 3794.4 3803.0 - - - - - - - - - - - -
4s(2Pe) -  3p(2D°) V27 - 3470.3 - 3447.9 3470.7 - - - - - - - - - - -
4s(4Pe) — 3p(4S°) V31 - 3777.4 - 3762.5 - 3739.8 - - - - - - - - - -
4s(4Pe) — 3p(4P°) V23 3301.4 3306.5 3290.0 3295.0 3305.0 3277.6 3287.5 - - - - - - - - -
4s(4Pe) - 3 p  4D°) 
4s(2Pe) -  2p (2P°)
V14 3134.2 3139.7 3123.9 3129.3 3138.3 3113.6 3122.5 3134.7 - - - - - - - -
500.4 500.4 499.9 499.9 - - - - - - - - - - - -
4s(2Pe) -  2p4(2D°) 
3d(2Pe) -  3p( S°)
- 468.4 - 468.0 467.9 - - - - - - - - - - -
V9 3377.2 - 3390.2 - - - - - - - - - - - - -
3d(2Pe) - 3 p ( 2P°) V32 5160.0 5175.9 5190.6 5206.7 - - - - - - - - - - - -
3d(2Pe) -  3p(2D°) - 4539.6 - 4563.2 4603.2 - - - - - - - - - - -
3d(2De) -  3p(2S°) - - 3282.0 - - - - - - - - - - - - -
3d(2De) -  3p(2P°) V33 - - 4941.1 4955.7 - 4943.0 - - - - - - - - - -
3d(2De) -  3p(2D°) V26 - - - 4369.2 4406.0 4359.4 4396.0 - - - - - - - - -
3d(2Fe) -  3p(2P°) - - - - - 5384.5 - - - - - - - - - -
3d(2Fe) — 3p(2D°) V25 - - - - - 4699.2 4741.7 - 4705.3 - - - - - - -
Table 6.3: continued
Transition Mult 1/2,1/2 1/2,3/2 3/2,1/2 3755/2 3/2,5/2 5/2,3/2 5/2,5/2 5/2,7/2 7/2,5/2 7/2,7/2 7/2,9/2 9 /2,7/2 9 /2 ,9 /2  9/2,11/2 11/2,9/2 11/2,11/2
3d(4Pe) -  3p(4S°) V28 - 4890.8 - 4906.9 - 4924.5 -
3 d (P e) — 3p(4P°) V19 4121.4 4129.3 4132.8 4140.7 4156.6 4153.3 4169.2 - - - - - - - -
3d(4Pe) — 3p(4D°) V l l  3864.1 3872.4 3874.1 3882.4 3896.3 3893.5 3907.4 3926.5 . . . . . . .
3d(4De) — 3p(4S°) V29 - 4864.9 - 4856.8 - 4856.4 . . . . . . . . .
3d(4De) -  3p(4P°) V20 4103.0 4110.8 4097.2 4105.0 4120.6 4104.7 4120.3 - 4119.2 . . . . . .
3d(4De) — 3p(4D°) V12 3847.9 3856.1 3842.8 3851.0 3864.6 3850.8 3864.4 3883.1 3863.5 3882.2 . . . . .
3d(4Fe) — 3p(4S°) - - - 5224.8 - 5210.1 . . . . . . . . .
3d(4Fc) — 3p(4P°) - - 4356.0 4364.9 4382.5 4354.6 4372.1 - 4357.2 . . . . . .
3d(4Fe) -  3p(4D°) V10 - - 4069.6 4078.8 4094.1 4069.9 4085.1 4106.0 4072.1 4092.9 - 4075.8 -
3d(2Pe) — 2p (2P°) UV16 517.9 517.9 518.2 518.2 . . . . . . . . . . .
3d(2Pe) - 2 p 4(2D°) UV9 - 483.8 - 484.0 484.0 . . . . . . . . . .
3d(2De) - 2 p 4(2P°) UV17 - - 515.6 515.6 - 5 1 5 . 5 ............................................................................................................. -
3d(2De) — 2p4(2D°) UV10 - - - 481.8 481.7 481.6 481.6 . . . . . . . .
3d(2Fe) — 2p4(2P°)  5 1 9 . 9 ........................................................................................................................... -
3d(2Fe) — 2p4(2D°) UV8 . . . . .  485.5 485.5 - 485.1 . . . . . .
3p(2S°) — 3s(2Pe) V4 6640.8 6721.1 ........................................................................................................................................................ -
h* 3p(2P°) — 3s(2Pe) V6 3954.3 3982.6 3945.0 3973.2  - -
^  3p(2D ° ) - 3 s ( 2Pe) V5 - - 4416.9 4452.3 - 4414.8  -
3p(4S ° ) - 3 s ( 4Pe) V3 - - 3712.7 3727.4 3749.5  - -
3p(4P ° ) - 3 s ( 4Pe) V2 4325.8 4345.6 4317.1 4336.9 4366.9 4319.7 4349.5 - - - - - - - -
3p(4D°) -  3s(4Pe) VI 4650.9 4673.9 4638.8 4661.7 4696.5 4641.9 4676.4 - 4649.3 - - - - - -
3p(2S°) — 2p (2Se) 12144.3 - - - - - - - - - - - - - -
3p(2S°) — 2p4(2Pe) - 2634.5 - - - - - - - - - - - - -
3p(2P°) — 2p4(2Se) 5415.7 - 5398.3.............. ..........................................................................................................................................-
3p(2P°) -  2p4(2Pe) - 2075.2 - 2072.6 2072.3 - - - - - - - - - -
3p(2P°) — 2p4(2Dc) 71008.3 63421.6 68125.5 61111.8 - - - - - - - - - - -
3p(2D°) — 2p4(2Se) - - 6322.7 - - - - - - - - - - - -
3p(2D°) — 2p4(2Pe) - - - 2195.9 2195.5 2186.7 2186.3 - - - - - - - -
3p(4S°) — 2p4(4Pe) - - 1086.0 1085.0 1083.1 - - - - - - - - - -
3p(4P°) — 2p4(4Pe) 1133.0 1131.9 1132.4 1131.3 1129.2 1130.2 1128.1 - - - - - - - -
3 p fD °) -  2p4f4Pe) 1154.1 1153.0 1153.4 1152.3 1150.1 1151.0 1148.9 - 1147.2 - - - - - -
3s( Pe) — 2p4( P°) UV12 673.8 673.8 673.0 673.0 - - - - - - - - - - -




Table 6.4: O II wavelengths (A) of transitions in the range J  =  1/2, 3/2, 5/2, 7/2 and 9/2 
with XD, *S or 5S parentage
Transition Mult 1/2 ,1 /2  1/2,3/2 3 /2 ,1 /2  3 /2 ,3 /2  3 /2 ,5 /2  5/2 ,3 /2  5/2 ,5 /2  5 /2 ,7 /2  7 /2 ,5 /2  7 /2 ,7 /2  7/2 ,9 /2  9 /2 ,7 /2
[xD]4d(2Fe -  [‘D H p fp ”) - - - - - 13996.4 - - - - -
[xD]4d(2Fc -  |xD]4p(2D°) - - - - - 12482.1 12507.5 - 12509.1 - - -
[1D]4d(2Fe -  [xD]4p(2F°) - - - - - - 12413.0 12426.3 12414.6 12427.9 _
{xD]4d(2Fe -  [xD]3p(2P°) - - - - - 4619.8 - - - - - -
[1D]4d(2Fe -  [1D]3p(2D°) - - - - - 2238.2 2237.1 - 2237.2 - - -
[xD]4d(2Fe -  [1D]3p(2F°) - - - - - - 2177.5 2178.6 2177.6 2178.7 - -
[1D]4p(2P° -  [xD]4s(2De) - 12233.1 - 12187.5 12187.1 - - - - - - -
[1D]4p(2D° -  [1D]4s(2D6)
-  pDH s^D*)
- - - 13627.0 13626.5 13596.9 13596.4 - - - - -
[1D]4p(2F° - - - - - 13710.3 13709.8 - 13693.7 - - -
[xD]4p(2P° -  [1D]3d(2Se) 8445.4 - 8423.6 - - - - - - - - -
[1D]4p(2P° -  |xD]3d(2Pe) 7313.2 7314.5 7296.9 7298.1 - - - - - - - -
[1D]4p(2P° -  |1D]3d(2Dc) - 6936.1 - 6921.4 6922.4 - - - - - - -
[1D]4p(2P° -  [xD|3d(2Fe) - - - - 6146.1 - - - - - - -
[xD]4p(2D° -  [xD]3d(2Se) - - 9087.1 - - - - - - - - -
[xD]4p(2D° -  [xDj3d{2Pe) - - 7789.6 7791.0 - 7781.1 - - - - - -
[xD]4p(2D° -  [xD]3d(2De) - - - 7363.1 7364.3 7354.3 7355.4 - - - - -
tl D]4p(2D- -  [xDj3d(2Fe) - - - - 6492.0 - 6485.1 6484.1 - - - -
[xD]4p(2D° -  fxD]3d(2Ge)
-  [ D]3d(2Pc)
- - - - - - - 7125.0 - - - -
[1D)4p(2F° - - - - - 7818.1 - - - - - -
[1Dj4p(2F° -  [xD]3d(2De) - - - - - 7387.4 7388.5 - 7383.8 - - -
[1D]4p(2F° -  [xD]3d(2Fe) - - - - - - 6510.8 6509.8 6507.2 6506.1 - -
[1D]4p(2F° - j xD]3d(2Ge) 
-  [xS]3s< Se)
- - - - - - - 7156.0 - 7151.6 7151.1 -
[xDj4p(2P° 2712.8 - 2710.6 - - - - - - - - -
[xD]4p(2P° -  [xD]3s(2De) - 1653.2 - 1652.4 1652.4 - - - - - - -
[xD]4p(2D° -  [xSj3s(2Se) - - 2775.8 - - - - - - - - -
[xD]4p(2D° -  [xD]3s(2De)
-  [ D]3s(2De)
- - - 1676.4 1676.4 1675.9 1675.9 - - - - -
[xDj4p(2F° 
[1D]4s( De
- - - - - 1677.7 1677.6 - 1677.4 - - -
-  [xS]3p(2P°) V62 - - 3729.2 3735.8 - 3735.8 - - - - - -
[1D]4s(2De - [ xD]3p(2D°) V44 - - - 3409.7 3407.2 3409.8 3407.2 - - - - -
[xD]4s(2De -  [xD]3p(2F°)
-  [ S]3p( P°)
V39 - - - - 3270.9 - 3270.9 3273.4 - - - -
[xD]3d(2Se V61 4319.9 4328.6 - - - - - - - - - -
[ D]3d(2Se -  [xD]3p(2D°) - 3896.9 - - - - - - - - - -
[xD]3d(2Pe — [xS]3p{2P°) V58 4691.4 4701.7 4690.8 4701.2 - - - - - - - -
[1D]3d(2Pe -  [xD]3p(2D°) - 4196.7 - 4196.3 4192.5 - - - - - - -
fxDl3d(2Pe -  fxD]3p(2F°) - - - - 3987.9 - - - - - - -
Table 6.4: continued
Transition M ult 1/2,1/2 1/2,3/2 3 /2 ,1 /2  3 /2 ,3 /2  3 /2 ,5 /2  5 /2 ,3 /2  5/2 ,5 /2  5/2 ,7 /2  7/2 ,5 /2  7 /2 ,7 /2  7/2 ,9 /2  9/2 ,7 /2
['D ^ d ^ D 6) - p S ^ p ^ P 0) V57 - 4860.9 4872.0 - 4871.5 - - - - -
[1D]3d(2De) - [1D]3p(2D°) - - 4331.9 4327.8 4331.5 4327.4 - - - -
[1D]3d(2De) - [1D]3p(2F°) 
[ D]3p(2P°)
V37 - - 4110.2 - 4109.8 4113.8 - - -
[1D]3d(2Fe) - - - - - 5346.8 - - - - -
|1D]3d(2Fe) - [ D]3p(2D°) V40 - - - 4703.2 4698.4 - 4698.9 - -
pDjSd^F6) - pD]3p(2F°) V35 - - - - 4443.0 4447.6 4443.5 4448.1 -
[1D]3d(2Ge) - [1D]3p(2D°) - - - - - - - 4411.3 - -
pD jsdPG 6) -




_ 56524.6 _ _
4185.5 4189.6 - 4189.8
[5S]3p(6Pe) - V94 - - 4469.4 - 4468.0 - 4465.5 - -
pSjSp^P0) - ;iS]3s(2Sc) 53433.7 - 52127.8 - - - - - - - -
[ ' s m y )  - 1D]3s(2De) V17 3919.3 3912.0 3911.9 - - - - - -
[ D]3p{ D°) - f1D]3s(2De)
fD ]3s(2De)
V16 - 4347.4 4347.2 4351.5 4351.3 - - - -
f1D]3p(2F°) - V15 - - - 4596.1 4595.9 - 4591.0 - -
6.5 R esults
6 .5 .2  C ase d ep en d en ce o f effective recom b in ation  coefficien ts
Baker and Menzel [6 ] proposed two limiting cases of hydrogen Lyman line optical depth 
in the interstellar medium. Case A assumes the line-emitting region is optically thin 
and tha t radiative excitation from the ground state is unim portant. Applying the same 
terminology to O II, case B assumes transitions term inating in the ground state
are optically thick and that radiative transitions are not permitted. Under nebular 
conditions, case B is found to give a better approximation than case A. However, to 
limit the effects of case mixing, we performed calculations under both cases to assess 
multiplet case dependence. By choosing transitions without strong case dependence, 
this allows us to perform the astrophysical applications in chapter 7. In table 6.5, the 
strongest transitions of a number of strong multiplets are presented, showing the case A 
and B effective recombination coefficients at 10000K and 105 cm-3 .
Table 6.5: 0  II effective recombination coefficients ( x  101 2cm3 s-1 ) for the strongest transi­
tions of various multiplets (Te =  10000K, N e =  105 cm - 3  under case A and B.
Transition A (A) Mult. Case A Case B
3p(*S°/2 -  M * P £ /2) 3749.5 V3 2.215-3 3.038-2
m c ' d ‘/2 -  M 4d °7/2) 3882.1 V12 5.908-3 6.260-3
M 2p 3°/2 -  M 2Pi ,2) 3973.2 V6 1.388-2 1.439-2
-  M 4d °7/2) 4075.8 V10 8.822-2 8.961-2
3 d(4D ‘/2 -  M 4p ^,2) 4119.2 V20 1.757-2 1.862-2
M 4p 5°/2 -  M 4P eb/2) 4349.5 V2 1.741-2 3.719-2
M 2d °/2 -  3s {2PI/2) 4414.8 V5 4.496-2 4.606-2
3 p (4D°7/2 -  M 4P£/2) 4649.2 VI 1.337-1 1.416-1
M 2s °1/2 -  M 2Pi ,2) 6721.1. V4 6.013-3 6.454-3
6.5 .3  E ffective recom b in ation  coeffic ien ts for O n
In tables 6 .6 , 6.7 and 6 .8 , I present effective recombination coefficients for transitions 
with n, n’ < 6  and I, V < 4 for at the electron tem peratures of 1000K, 10000K and 
15000K. The density range covered is from 102 to 106, with a smaller step shown at 
low densities due to the sensitivity to density of these coefficients in this region. I have 
selected transitions with coefficients larger than 10- 1 5  (x lO 12 cm3 s ' 1) at at least one 
sampled density. All of these results are case B calculations, assuming transitions to the 
ground state are not allowed. The tables are ordered by wavelength to make them easier 
to use in spectral analysis.
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Table 6 .6 : O II effective recombination coefficients expressed in units of x l0 12cm3s_ 1  for 
strong transitions (aef f  > 1 x 10- 1 5  for some density) at an electron temperature of 1000K 
under case B. Note, the format of the recombination coefficients shows 4 significant figures, 
followed by the power.
Transition 
3p (4s | /2; 
3p(4 S»/2  
3p(4 S“ /2  
3p(4 P ° /2
3p(4P ^ /2  
3p(4P?/2 
3p (4P?/2 
3p(4 p ? / 2
3p(4 P »/2
3p(4 Pl/2
3p(4 D° /2  
3p(4 D° /2  
3p(4 D£/2  
3p(4 Dj/2  
3p(4 DJ/ 2  
3p(4 D»/2
3p(4 d?/2; 
6 p(4 P?/2) 
6 p(4 Dg/2)
6p(4P In)
A (A) 2 2.25 2.5 2.75
Log N e (cm 
3 3.25
" 3)
3.5 3.75 4 5 6
1083.1 7.162-2 6.595-2 6.045-2 5.562-2 5.203-2 4.963-2 4.822-2 4.740-2 4.700-2 4.702-2 4.834-2
1085.0 5.449-2 5.017-2 4.599-2 4.232-2 3.958-2 3.776-2 3.668-2 3.606-2 3.576-2 3.577-2 3.678-2
1086.0 2.938-2 2.705-2 2.480-2 2.282-2 2.134-2 2.036-2 1.978-2 1.945-2 1.928-2 1.929-2 1.983-2
1128.0 1.746-1 1.624-1 1.508-1 1.405-1 1.330-1 1.281-1 1.255-1 1.239-1 1.232-1 1.226-1 1.234-1
1129.2 1.046-1 9.568-2 8.705-2 7.935-2 7.358-2 6.969-2 6.735-2 6.595-2 6.518-2 6.418-2 6.469-2
1130.1 6.786-2 6.313-2 5.861-2 5.461-2 5.170-2 4.981-2 4.877-2 4.817-2 4.789-2 4.764-2 4.796-2
1131.3 2.781-2 2.544-2 2.314-2 2 .1 1 0 - 2 1.956-2 1.853-2 1.791-2 1.753-2 1.733-2 1.706-2 1.720-2
1131.9 9.406-2 9.254-2 9.020-2 8.653-2 8.297-2 8.008-2 7.818-2 7.688-2 7.609-2 7.449-2 7.401-2
1132.3 8.226-2 7.524-2 6.846-2 6.240-2 5.786-2 5.480-2 5.296-2 5.186-2 5.126-2 5.047-2 5.087-2
1132.9 1.776-2 1.747-2 1.703-2 1.634-2 1.567-2 1.512-2 1.476-2 1.452-2 1.437-2 1.406-2 1.397-2
1147.2 7.282-2 6.826-2 6.482-2 6.253-2 6.176-2 6.196-2 6.273-2 6.345-2 6.409-2 6.491-2 6.384-2
1148.8 8.876-3 8.853-3 8.676-3 8.351-3 7.985-3 7.660-3 7.428-3 7.269-3 7.173-3 7.076-3 7.223-3
1151.0 5.630-2 5.616-2 5.503-2 5.297-2 5.065-2 4.859-2 4.711-2 4.611-2 4.550-2 4.488-2 4.582-2
1152.2 2.743-2 2.518-2 2.272-2 2.036-2 1.836-2 1 .6 8 6 - 2 1.585-2 1.521-2 1.484-2 1.457-2 1.522-2
1153.0 3.794-3 3.352-3 2.910-3 2.519-3 2.215-3 2.001-3 1.862-3 1.778-3 1.731-3 1.703-3 1.792-3
1153.3 3.557-2 3.265-2 2.946-2 2.640-2 2.381-2 2.187-2 2.056-2 1.972-2 1.924-2 1.889-2 1.973-2
1154.1 3.440-2 3.039-2 2.638-2 2.284-2 2.008-2 1.814-2 1 .6 8 8 - 2 1.612-2 1.569-2 1.544-2 1.625-2
1200.7 2.878-3 2.945-3 3.174-3 3.549-3 4.005-3 4.443-3 4.806-3 5.070-3 5.257-3 5.659-3 5.913-3
1201.4 2.881-3 2.496-3 2.153-3 1.890-3 1.721-3 1.626-3 1.583-3 1.566-3 1.567-3 1.665-3 1.864-3







6 p(’D?/2) -  3s(4 P |/2) 
6 p(2 S?/2) -  3s(2 P | /2)
-  [3 P]3s(2 P | /2) 
5p(4 P°/2) -  3s(4 P | /2)
®p(4 p°/2) -  N 4^ )
5p(4 P»/2) -  3s(4 P j/2) 
5p(4 P°/2) -  3s(4 P |/2) 
5p(4 D°/2) -  3s(4 P j/2) 
5p(4 D“/2) -  3s(4 P 2/2) 
5 p(4 D?/2) -  3s(4 P j/2) 
5 p(4 D?/2) -  3s(4 P j/2) 
5 p(4 D«/2) -  3s(4 P |/2) 
5p(4 D»/2) -  3s(4 P |/2) 
5p(2 D»/2) -  3s(2 P |/2) 
5p(2 S°/2) -  3s(2 P '/2) 
5p(2 S?/ 2 ) - 3 s ( 2 P*/2) 
[1D]3p(2 P»/2 ) - 2 p 4 (2 P |/2) 
[1D]3p(2 P°/2) — 2p4 (2 P^/2) 
W p p F ^ )  -  2p4 (2 P |/2)
[1D] 3p{2 F | /2) -  2 p4 (2 P |/2) 
4p(4 P»/2) -  3s(4 P |/2) 
4p(4 S°/2) -  3s(4 P j/2) 
4p(4 P “/2) -  3s(4 P j/2) 
4P(4 P°/2) -  3s(4 P 2/2)
A ( i ) 2 2.25 2.5 2.75
Log N e (cm 
3 3.25
"3)
3.5 3.75 4 5 6
1202.0 5.065-3 4.814-3 4.735-3 4.831-3 5.069-3 5.357-3 5.644-3 5.872-3 6.063-3 6.666-3 7.212-3
1261.0 1.609-3 1.700-3 1.906-3 2.215-3 2.573-3 2.907-3 3.174-3 3.360-3 3.483-3 3.687-3 3.793-3
1290.1 1.164-3 1.522-3 2.043-3 2.689-3 3.366-3 3.963-3 4.421-3 4.735-3 4.938-3 5.222-3 5.294-3
1317.1 1.587-3 1.486-3 1.405-3 1.355-3 1.337-3 1.339-3 1.352-3 1.369-3 1.386-3 1.469-3 1.593-3
1317.9 1.033-3 1.089-3 1.151-3 1.213-3 1.271-3 1.322-3 1.364-3 1.396-3 1.420-3 1.502-3 1.593-3
1318.2 4.792-3 4.688-3 4.733-3 4.923-3 5.219-3 5.537-3 5.829-3 6.056-3 6.239-3 6.762-3 7.200-3
1319.9 2.744-3 2.569-3 2.430-3 2.343-3 2.311-3 2.315-3 2.339-3 2.367-3 2.397-3 2.540-3 2.755-3
1320.6 8.577-3 7.490-3 6.468-3 5.640-3 5.053-3 4.679-3 4.469-3 4.364-3 4.330-3 4.550-3 5.116-3
1320.9 1.021-2 1.048-2 1.069-2 1.083-2 1.091-2 1.097-2 1.104-2 1.111-2 1.120-2 1.177-2 1.276-2
1321.3 1.468-2 1.391-2 1.355-2 1.365-2 1.414-2 1.480-2 1.547-2 1.604-2 1.652-2 1.810-2 1.952-2
1321.4 8.332-3 7.085-3 5.910-3 4.955-3 4.272-3 3.831-3 3.574-3 3.438-3 3.382-3 3.537-3 4.032-3
1322.4 5.906-3 5.157-3 4.454-3 3.884-3 3.479-3 3.222-3 3.077-3 3.005-3 2.982-3 3.133-3 3.523-3
1323.7 1.327-3 1.362-3 1.390-3 1.407-3 1.418-3 1.425-3 1.435-3 1.444-3 1.456-3 1.529-3 1.659-3
1373.5 1.446-3 1.830-3 2.401-3 3.117-3 3.871-3 4.540-3 5.057-3 5.412-3 5.642-3 5.989-3 6.101-3
1392.8 1.091-3 1.128-3 1.221-3 1.361-3 1.527-3 1.683-3 1.810-3 1.900-3 1.961-3 2.078-3 2.160-3
1396.2 2.182-3 2.258-3 2.443-3 2.724-3 3.056-3 3.368-3 3.623-3 3.802-3 3.923-3 4.158-3 4.322-3
1502.8 2.602-3 2.545-3 2.540-3 2.596-3 2.692-3 2.797-3 2.888-3 2.956-3 3.004-3 3.104-3 3.182-3
1504.1 1.505-3 1.434-3 1.380-3 1.349-3 1.340-3 1.345-3 1.355-3 1.365-3 1.374-3 1.404-3 1.438-3
1593.4 6.035-3 6.991-3 8.393-3 1.014-2 1.198-2 1.360-2 1.484-2 1.569-2 1.623-2 1.695-2 1.708-2
1594.2 3.546-3 3.768-3 4.159-3 4.698-3 5.295-3 5.838-3 6.261-3 6.554-3 6.744-3 7.014-3 7.092-3
1636.2 2.875-3 2.799-3 2.761-3 2.761-3 2.801-3 2.863-3 2.931-3 2.993-3 3.051-3 3.255-3 3.468-3
1637.8 1.727-3 1.551-3 1.384-3 1.248-3 1.152-3 1.091-3 1.057-3 1.041-3 1.038-3 1.082-3 1.183-3
1639.7 2.642-3 2.515-3 2.424-3 2.379-3 2.381-3 2.412-3 2.454-3 2.496-3 2.537-3 2.687-3 2.889-3
1639.9 4.827-3 4.790-3 4.704-3 4.571-3 4.430-3 4.313-3 4.240-3 4.205-3 4.204-3 4.379-3 4.726-3
Table 6.6: continued
Transition
/ 4 d  o4p(4P°/2) -  3s(4P |/2) 
4P(4S |/2) -  3s(4P |/2) 
4p(4D“/2) -  3s(4P®/2) 
4p(4D“/2) -  3s(4P |/2) 
4p(4D?/2) -  3s(4P j/2) 
4p(4D°/2) -  3s(4P*/2) 
4p(4D»/2) -  3s(4P j/2) 
4p(4D“/2) -  3s(4P j/2) 
4p(4D°/2) -  3s(4P |/2) 
6s(4P^/2) -  3p(4D“/2) 
6s(4P '/2) - 3 p ( 4D°/2) 
[1D]4p(2F2/2) -  [1D]3s{2D |/2) 
[lD]4p(2Fg/2) -  [1D]3s(2D |/2) 
[1S]3p(2P |/2) -  2p4(2Sj/2) 
[*S]3p(2P°/2) -  2p4(2Sf/2) 
4p(2S°/2) -  3s(2PJ/2) 
4P(2S°/2) -  3s(2P j/2)
6s(2P |/2) - 3 p ( 2D»/2) 
[3P]5p(2D»/2) -  [‘D ^ D f ^ )  
5s(4P |/2) -  3p(4D2/2) 
5s(4P |/2) -  3p(4D°/2) 
5s(4P |/2) -  3p(4D»/2) 
5s(4P '/2) -  3p(4D2/2) 
5s(4P*/2) -  3p(4P°/2)
A (A) 2 2.25 2.5 2.75
Log N e (cm 
3 3.25
- 3)
3.5 3.75 4 5 6
1640.5 1.656-2 1.613-2 1.590-2 1.591-2 1.614-2 1.649-2 1 .6 8 8 - 2 1.724-2 1.758-2 1.875-2 1.998-2
1640.6 2.382-3 2.139-3 1.909-3 1.722-3 1.589-3 1.505-3 1.458-3 1.436-3 1.431-3 1.492-3 1.632-3
1650.6 2.994-2 2.669-2 2.344-2 2.061-2 1.843-2 1.691-2 1.596-2 1.545-2 1.523-2 1.581-2 1.770-2
1651.1 4.251-2 4.215-2 4.132-2 4.007-2 3.874-2 3.762-2 3.689-2 3.654-2 3.649-2 3.804-2 4.157-2
1651.9 2.597-2 2.243-2 1.902-2 1.615-2 1.402-2 1.259-2 1.171-2 1.123-2 1 .1 0 2 - 2 1.142-2 1.287-2
1652.0 5.853-2 5.528-2 5.330-2 5.273-2 5.353-2 5.505-2 5.684-2 5.846-2 5.996-2 6.491-2 6.895-2
1653.5 2.565-2 2.286-2 2.008-2 1.766-2 1.579-2 1.449-2 1.367-2 1.323-2 1.304-2 1.354-2 1.516-2
1654.8 3.605-3 3.114-3 2.640-3 2.242-3 1.946-3 1.747-3 1.626-3 1.559-3 1.530-3 1.585-3 1.787-3
1655.5 9.956-3 9.872-3 9.677-3 9.384-3 9.073-3 8.811-3 8.640-3 8.556-3 8.545-3 8.908-3 9.734-3
1667.5 1.319-3 1.687-3 2.240-3 2.940-3 3.681-3 4.339-3 4.843-3 5.190-3 5.414-3 5.728-3 5.807-3
1668.7 1.066-3 1.401-3 1.859-3 2.414-3 2.991-3 3.500-3 3.888-3 4.157-3 4.330-3 4.582-3 4.675-3
1677.3 1.486-3 1.937-3 2.580-3. 3.370-3 4.192-3 4.914-3 5.465-3 5.843-3 6.085-3 .6.417-3 6.489-3
1677.6 1.675-3 2.190-3 2.939-3 3.869-3 4.842-3 5.702-3 6.360-3 6.812-3 7.103-3 7.513-3 7.616-3
1745.7 2.631-3 2.725-3 2.912-3 3.184-3 3.495-3 3.785-3 4.016-3 4.182-3 4.298-3 4.527-3 4.726-3
1745.9 1.288-3 1.329-3 1.417-3 1.549-3 1.702-3 1.846-3 1.959-3 2.041-3 2.097-3 2.202-3 2.285-3
1780.9 2.121-3 2.145-3 2.253-3 2.441-3 2.675-3 2.903-3 3.089-3 3.224-3 3.317-3 3.503-3 3.645-3
1786.7 4.377-3 4.427-3 4.648-3 5.037-3 5.520-3 5.989-3 6.374-3 6.652-3 6.843-3 7.228-3 7.521-3
1799.0 2.045-3 3.325-3 5.140-3 7.362-3 9.662-3 1.168-2 1.321-2 1.426-2 1.491-2 1.576-2 1.586-2
1821.5 1.838-3 2.325-3 3.051-3 3.960-3 4.917-3 5.767-3 6.424-3 6.875-3 7.168-3 7.608-3 7.751-3
1960.2 1.015-3 1.037-3 1.049-3 1.058-3 1.068-3 1.081-3 1.092-3 1.105-3 1.119-3 1.177-3 1.277-3
1962.2 2.788-3 2.710-3 2.724-3 2.833-3 3.010-3 3.200-3 3.364-3 3.494-3 3.594-3 3.846-3 4.060-3
1963.7 2.300-3 2.351-3 2.377-3 2.397-3 2.421-3 2.449-3 2.475-3 2.505-3 2.535-3 2.668-3 2.894-3
1964.2 2.029-3 1.746-3 1.475-3 1.262-3 1.115-3 1.026-3 9.770-4 9.586-4 9.581-4 1.042-3 1.198-3





2 p T P e5/2)
4d(4 F*/2) -  3p(4 D?/2)
A ( i ) 2 2.25 2.5 2.75
Log N e (cm 
3 3.25
- 3)
3.5 3.75 4 5 6
2072.2 1.859-3 1.799-3 1.787-3 1.833-3 1.918-3 2.013-3 2.091-3 2.154-3 2.198-3 2.270-3 2.299-3
2099.8 4.595-3 3.945-3 3.318-3 2.794-3 2.405-3 2.144-3 1.984-3 1.896-3 1.857-3 1.925-3 2.182-3
2100.0 5.296-3 5.472-3 5.545-3 5.494-3 5.371-3 5.239-3 5.143-3 5.093-3 5.086-3 5.307-3 5.822-3
2100.0 6.582-3 5.922-3 5.245-3 4.636-3 4.150-3 3.803-3 3.583-3 3.460-3 3.407-3 3.543-3 3.991-3
2100.6 8.128-3 7.560-3 7.194-3 7.056-3 7.145-3 7.357-3 7.619-3 7.858-3 8.082-3 8.812-3 9.344-3
2104.1 2.369-3 2.131-3 1.888-3 1.669-3 1.494-3 1.369-3 1.289-3 1.245-3 1.226-3 1.275-3 1.436-3
2105.5 1.025-3 1.059-3 1.073-3 1.063-3 1.040-3 1.014-3 9.954-4 9.857-4 9.842-4 1.027-3 1.127-3
2300.3 1.925-3 1.883-3 1.879-3 1.920-3 1.992-3 2.069-3 2.136-3 2.187-3 2.223-3 2.297-3 2.354-3
2324.8 3.626-3 3.463-3 3.366-3 3.334-3 3.377-3 3.459-3 3.554-3 3.641-3 3.719-3 3.979-3 4.271-3
2325.9 3.378-3 3.359-3 3.364-3 3.388-3 3.438-3 3.502-3 3.570-3 3.634-3 3.694-3 3.921-3 4.214-3
2327.9 8.600-3 8.226-3 7.963-3 7.841-3 7.862-3 7.968-3 8.110-3 8.251-3 8.387-3 8.892-3 9.526-3
2339.3 8.144-3 7.127-3 6.152-3 5.337-3 4.736-3 4.334-3 4.091-3 3.962-3 3.908-3 4.039-3 4.474-3
2406.3 2.719-3 2.802-3 3.016-3 3.347-3 3.738-3 4.108-3 4.401-3 4.616-3 4.766-3 5.038-3 5.197-3
2411.5 1.787-3 1.709-3 1.664-3 1.660-3 1.689-3 1.733-3 1.774-3 1.811-3 1.841-3 1.919-3 1.993-3
2425.5 3.994-3 4.496-3 5.301-3 6.349-3 7.482-3 8.503-3 9.291-3 9.846-3 1.021-2 1.077-2 1.095-2
2433.5 3.595-3 3.419-3 3.271-3 3.171-3 3.118-3 3.099-3 3.096-3 3.101-3 3.109-3 3.147-3 3.201-3
2436.0 3.550-3 3.415-3 3.252-3 3.091-3 2.950-3 2.842-3 2.754-3 2.712-3 2.691-3 2.689-3 2.827-3
2445.5 3.877-3 4.214-3 4.714-3 5.341-3 6.003-3 6.591-3 7.045-3 7.359-3 7.564-3 7.872-3 7.980-3
2690.1 1.726-3 1.641-3 1.614-3 1.646-3 1.727-3 1.826-3 1.923-3 2.001-3 2.066-3 2.272-3 2.458-3
2693.2 1.012-3 1.100-3 1.200-3 1.299-3 1.392-3 1.469-3 1.531-3 1.574-3 1.606-3 1.695-3 1.795-3
2808.7 1.210-3 1.363-3 1.606-3 1.924-3 2.267-3 2.577-3 2.816-3 2.984-3 3.095-3 3.263-3 3.319-3
2884.7 1.999-3 1.863-3 1.772-3 1.731-3 1.742-3 1.781-3 1.830-3 1.874-3 1.911-3 1.978-3 1.925-3
2885.8 2.488-3 2.299-3 2.174-3 2.114-3 2.126-3 2.179-3 2.245-3 2.304-3 2.353-3 2.446-3 2.409-3
2888.2 1.031-3 1.026-3 1.035-3 1.047-3 1.072-3 1.101-3 1.132-3 1.156-3 1.176-3 1.208-3 1.175-3
4d(4 F '/2) -  3p(4 D°/2) 
4d(4 F |/2) -  3p(4 D“/2) 
4d(4 Fg/2) -  3p(4 D?/2) 
4d(4 F®/2) -  3p(4 D»/2) 
4d(4 F 2/2) — 3p(4 D°/2) 
['D]3p(2 P»/2) -  [3P]3s(2 P |/2) 
4d(4 P*/2) -  3p(4 Sj/2) 
4d(4 P j/2) -  3p(4 S |/2) 
4d(4 P | /2) -  3p(4 S»/2) 
4d(4 Dj/2) -  3p(4 Sj/2) 
[3 P]4p(2 P»/2) -  [1D]3s(2 D| /2  
[3 P]4p(2 P j /2) — [1D]3s(2 D| /2  
[3 P]4P(2 Dj/2) -  [1D]3s(2 D| /2  
[1 D]3p(2 D |/ 2 ) - [ 3 P]3s(2 P ; /2  
[3 P]4p<2 D°/2) -  [1D]3s(2 D| / 2  
-  [3 P]3s(2 P | / 2  
6 p(4 D°/2) -  3d(4 Fg/2) 
6 p(4 D°/2) -  3d(4 F2/2) 
4P(2 Dj/2) -  2p4 (2 D |/2) 
5f(4 F?/2) -  3d(4 F j/2) 
5f(4 F»/2) -  3d(4 F j/2) 
5f(4 Fg/2) -  3d(4 F*/2)
Table 6.6: continued
Transition . ..A(i)_ 2 2.25 2.5 2.75
Log N e (cm 
3 3.25
- 3)
3.5 3.75 4 5 6
5f(4 F?/ 2 ) - 3 d ( 4 Fe7/2) 2891.2 1.260-3 1.175-3 1.117-3 1.092-3 1.099-3 1.123-3 1.154-3 1.182-3 1.205-3 1.247-3 1.214-3
5f(4 F°/2) -  3d(4 F 7/2) 2891.7 2.691-3 2.643-3 2.642-3 2.663-3 2.727-3 2.811-3 2.901-3 2.975-3 3.037-3 3.151-3 3.080-3
5f(4 F?/ 2 ) - 3 d ( 4 Fe7/2) 2892.3 6.884-3 6.361-3 6.010-3 5.847-3 5.882-3 6.025-3 6.203-3 6.359-3 6.489-3 6.711-3 6.541-3
5f(4 G‘/ 2 ) - 3 d ( 4 Fe7/2) 2897.5 1.626-2 1.559-2 1.528-2 1.529-2 1.563-2 1.614-2 1 .6 6 8 - 2 1.714-2 1.751-2 1.818-2 1.772-2
5f(4 F«/2) -  3d(4 F9/2) 2900.2 6.622-3 6.504-3 6.503-3 6.553-3 6.711-3 6.918-3 7.139-3 7.321-3 7.474-3 7.754-3 7.581-3
5f(4 G5°/2 ) - 3 d ( 4 F^/2) 2904.2 1.482-2 1.659-2 1.751-2 1.744-2 1.670-2 1.574-2 1.491-2 1.432-2 1.397-2 1.378-2 1.451-2
5f(4 G«/2 ) - 3 d ( 4 F^/2) 2905.0 1.965-2 2.194-2 2.310-2 2.299-2 2 .2 0 1 - 2 2.075-2 1.967-2 1.890-2 1.843-2 1.810-2 1.892-2
5f(4 Gg/2) — 3d(4 F9/2) 2906.1 1.783-3 1.709-3 1.675-3 1.676-3 1.713-3 1.769-3 1.829-3 1.878-3 1.920-3 1.992-3 1.942-3
5f(4 G®1/2) -  3d(4 F9/2) 2906.5 7.317-2 6.796-2 6.448-2 6.282-2 6.310-2 6.449-2 6.635-2 6.801-2 6.947-2 7.224-2 7.049-2
5f(4 G7/2) -  3d(4 F^/2) 2908.6 1.132-2 1.258-2 1.320-2 1.311-2 1.253-2 1.180-2 1.118-2 1.073-2 1.046-2 1.027-2 1.074-2
5f(4G*/2) -  3d(4 Fg/2) 2908.7 3.189-3 3.571-3 3.769-3 3.755-3 3.595-3 3.389-3 3.209-3 3.083-3 3.007-3 2.966-3 3.123-3
5f(4 G7/2) -  3d(4 F 7/2) 2911.6 1.593-3 1.778-3 1.872-3 1.863-3 1.784-3 1.682-3 1.594-3 1.532-3 1.493-3 1.467-3 1.534-3
5f(4 Gg/2) -  3d(4 F 7/2) 2911.7 3.880-2 4.322-2 4.542-2 4.513-2 4.314-2 4.064-2 3.849-2 3.696-2 3.600-2 3.527-2 3.681-2
5f(4 G?/2) -  3d(4 F 7/2) 2915.2 2.619-3 2.911-3 3.055-3 3.034-3 2.899-3 2.731-3 2.586-3 2.483-3 2.419-3 2.376-3 2.484-3
5f(4 F?/2) -  3d(4 P 5e/2) 2981.5 3.174-3 2.932-3 2.770-3 2.695-3 2.712-3 2.778-3 2.859-3 2.931-3 2.991-3 3.094-3 3.015-3
5f(4 Fg/2) -  3d(4 P*/2) 2984.1 1.217-3 1.211-3 1.221-3 1.236-3 1.265-3 1.300-3 1.336-3 1.364-3 1.388-3 1.426-3 1.386-3
5f(4 F l n ) -  3d(4 P e3/2) 2990.6 2.817-3 2.803-3 2.826-3 2.861-3 2.928-3 3.008-3 3.091-3 3.157-3 3.212-3 3.300-3 3.208-3
5f(4 D3°/2) -  3d(4 P 3/2) 2996.9 3.527-3 3.469-3 3.507-3 3.568-3 3.702-3 3.864-3 4.027-3 4.155-3 4.256-3 4.409-3 4.254-3
5f(4 Dg/2) -  3d(4 P 3/2) 3001.7 4.397-3 4.916-3 5.196-3 5.196-3 5.004-3 4.749-3 4.529-3 4.370-3 4.273-3 4.201-3 4.358-3
5f(4 D?/2 ) - 3 d ( 4 P*/2) 3002.9 4.928-3 4.831-3 4.879-3 4.963-3 5.150-3 5.377-3 5.606-3 5.785-3 5.928-3 6.161-3 6.012-3
5f(4 D-/2 ) - 3 d ( 4 PJ/2) 3002.9 3.546-3 3.489-3 3.527-3 3.588-3 3.722-3 3.886-3 4.050-3 4.178-3 4.280-3 4.434-3 4.277-3
5f(4 G7/2) -  3d(4 P 3/2) 3005.9 1.982-2 2.203-2 2.312-2 2.296-2 2.194-2 2.066-2 1.957-2 1.879-2 1.831-2 1.798-2 1.880-2
5f(4 F 7/2) — 3d(4 D3/2) 3006.0 4.220-3 3.934-3 3.740-3 3.656-3 3.679-3 3.761-3 3.863-3 3.956-3 4.035-3 4.176-3 4.065-3







5f(4 F | /2  
5f(4 F | /2  
5f(4 F °7 /2
5f(4 F ? /2
5f(4D l /2 
5f(4 D»/2  
5f(4 F | /2  
5f(4 F | / 2  
5f(4 F »/2  
5f(4 G» /2  
5f(4 D^ /2  
5f(4 Gg/ 2  
5f(4 D»/2  
5f(4 D»/ 2  
5f(4 D“ /2  
5f(4 D»/2  
5f(4 G»/ 2  
5f(4 Gg/2  
5f(4 G° /2  
5f(4 G? /2
4 p ( 2 s ? / 2 )
4 s(4 P5/2 
4 s(4 P3/2
A fil 2.25 2.5 2.75
Log N e (cm' 
3 3.25 3.5 3.75
-  3d{4 D^/2) 3007.0 2.095-2 2.058-2 2.057-2 2.074-2 2.123-2 2.189-2 2.259-2 2.316-2 2.365-2 2.454-2 2.399-2
-  3d(4 DJ/2) 3007.0 5.813-3 5.912-3 6.097-3 6.261-3 6.479-3 6.711-3 6.937-3 7.115-3 7.262-3 7.537-3 7.412-3
-  3d(4 D^/2) 3007.1 5.387-3 4.979-3 4.708-3 4.577-3 4.604-3 4.718-3 4.862-3 4.988-3 5.096-3 5.297-3 5.218-3
-  3d(4 Dg/2) 3007.1 1.554-2 1.436-2 1.357-2 1.320-2 1.328-2 1.360-2 1.400-2 1.435-2 1.465-2 1.515-2 1.477-2
-  3d(4 D?/2) 3007.6 8.484-3 7.840-3 7.407-3 7.206-3 7.250-3 7.426-3 7.645-3 7.837-3 7.997-3 8.271-3 8.062-3
"  3d(4 P^/2) 3008.3 1.400-2 1.565-2 1.654-2 1.654-2 1.593-2 1.512-2 1.442-2 1.391-2 1.360-2 1.337-2 1.387-2
-  3d(4 P^/2) 3008.4 4.020-3 4.506-3 4.766-3 4.765-3 4.585-3 4.346-3 4.138-3 3.990-3 3.897-3 3.829-3 3.979-3
-  3d(4 D^/2) 3009.5 7.382-3 7.345-3 7.406-3 7.497-3 7.672-3 7.884-3 8.100-3 8.275-3 8.418-3 8.649-3 8.408-3
-  3d(4 D |/2) 3009.7 2.325-3 2.314-3 2.333-3 2.362-3 2.417-3 2.484-3 2.552-3 2.607-3 2.652-3 2.725-3 2.649-3
-  3d(4 D^/2) 3010.1 4.908-3 4.992-3 5.148-3 5.286-3 5.470-3 5.666-3 5.857-3 6.008-3 6.132-3 6.364-3 6.258-3
-  3d(4 P^/2) 3012.7 2.659-3 2.977-3 3.142-3 3.131-3 2.997-3 2.825-3 2.676-3 2.570-3 2.506-3 2.473-3 2.603-3
-  3d(4Df /2) 3012.8 1.690-3 1.657-3 1.673-3 1.702-3 1.766-3 1.844-3 1.922-3 1.984-3 2.033-3 2.113-3 2.062-3
-  3d(4 De7/2) 3013.3 6.274-3 6.014-3 5.896-3 5.897-3 6.030-3 6.225-3 6.436-3 6.611-3 6.756-3 7.012-3 6.836-3
-  3d(4 P®/2)
-  3d(4 D^/2)
3014.4 4.950-3 5.547-3 5.868-3 5.867-3 5.645-3 5.351-3 5.095-3 4.912-3 4.799-3 4.715-3 4.899-3
3015.9 1.398-3 1.375-3 1.390-3 1.415-3 1.468-3 1.532-3 1.597-3 1.647-3 1.687-3 1.748-3 1.686-3
— 3d(4 DJ/2) 3024.4 6.063-3 6.795-3 7.188-3 7.186-3 6.914-3 6.554-3 6.241-3 6.017-3 5.877-3 5.775-3 6.000-3
"  3d(4 D^/2)
-  3d(4 D®/2)
-  3d(4 D7/2)
-  3d(4 D^/2)
3027.4 3.585-3 4.009-3 4.237-3 4.236-3 4.080-3 3.873-3 3.693-3 3.564-3 3.484-3 3.426-3 3.553-3
3027.9 3.049-3 3.403-3 3.584-3 3.567-3 3.415-3 3.220-3 3.052-3 2.932-3 2.858-3 2.808-3 2.936-3
3028.7 1.462-2 1.628-2 1.711-2 1.700-2 1.625-2 1.531-2 1.450-2 1.392-2 1.356-2 1.328-2 1.386-2
3031.9 2.688-3 2.986-3 3.135-3 3.113-3 2.975-3 2.802-3 2.653-3 2.548-3 2.482-3 2.438-3 2.549-3
"  3d(4 D7/2) 3032.4 3.023-3 3.359-3 3.526-3 3.501-3 3.346-3 3.152-3 2.984-3 2.866-3 2.792-3 2.742-3 2.867-3
- 2 p4 (2 D^/2) 3081.3 1.472-3 1.489-3 1.564-3 1.694-3 1.857-3 2.015-3 2.144-3 2.238-3 2.302-3 2.431-3 2.530-3
-  3p(4 D«/2) 3122.5 6.760-3 6.465-3 6.293-3 6.258-3 6.356-3 6.521-3 6.701-3 6.866-3 7.016-3 7.514-3 7.991-3







3 p (4P |/2
3p(4P ^ /2
3p(4 P ° / 2




3d(4 Fg/2  
3d(4 F | /2  
3d(4 F 2 /2  








A {A) 2 2.25 2.5 2.75
Log Ne (cm 
3 3.25
- 8)
3.5 3.75 4 5 6
3129.3 1.259-2 1.218-2 1.166-2 1.110-2 1.061-2 1.025-2 1.002-2 9.914-3 9.901-3 1.033-2 1.132-2
3134.1 1.719-2 1.501-2 1.289-2 1.113-2 9.825-3 8.966-3 8.447-3 8.187-3 8.094-3 8.511-3 9.614-3
3134.7 3.682-2 3.521-2 3.427-2 3.408-2 3.461-2 3.551-2 3.649-2 3.739-2 3.821-2 4.092-2 4.352-2
3138.3 2.841-2 2.749-2 2.631-2 2.505-2 2.394-2 2.313-2 2.261-2 2.237-2 2.234-2 2.331-2 2.554-2
3139.6 1.859-2 1.624-2 1.394-2 1.203-2 1.063-2 9.698-3 9.136-3 8.855-3 8.754-3 9.206-3 1.040-2
3273.4 1.147-3 1.434-3 1.857-3 2.387-3 2.942-3 3.434-3 3.811-3 4.070-3 4.235-3 4.466-3 4.521-3
3277.5 5.710-3 5.461-3 5.315-3 5.286-3 5.369-3 5.508-3 5.660-3 5.799-3 5.926-3 6.347-3 6.750-3
3287.4 1.583-2 1.514-2 1.473-2 1.465-2 1.488-2 1.527-2 1.569-2 1.607-2 1.643-2 1.759-2 1.871-2
3289.9 7.999-3 7.740-3 7.407-3 7.053-3 6.742-3 6.511-3 6.365-3 6.299-3 6.291-3 6.563-3 7.190-3
3295.0 3.727-3 3.606-3 3.451-3 3.286-3 3.141-3 3.034-3 2.966-3 2.935-3 2.931-3 3.058-3 3.350-3
3301.3 2.046-3 1.787-3 1.534-3 1.324-3 1.169-3 1.067-3 1.005-3 9.744-4 9.633-4 1.013-3 1.144-3
3305.0 6.405-3 6.198-3 5.931-3 5.648-3 5.399-3 5.214-3 5.097-3 5.044-3 5.038-3 5.256-3 5.758-3
3306.4 1.142-2 9.978-3 8.567-3 7.394-3 6.529-3 5.958-3 5.613-3 5.441-3 5.379-3 5.656-3 6.388-3
3371.6 6.841-3 6.480-3 6.315-3 6.361-3 6.590-3 6.895-3 7.209-3 7.471-3 7.698-3 8.435-3 9.096-3
3375.6 4.732-3 4.023-3 3.356-3 2.814-3 2.426-3 2.175-3 2.030-3 1.952-3 1.920-3 2.008-3 2.290-3
3375.6 4.671-3 4.793-3 4.892-3 4.953-3 4.990-3 5.017-3 5.049-3 5.082-3 5.124-3 5.383-3 5.838-3
3376.4 5.816-3 5.078-3 4.385-3 3.824-3 3.426-3 3.173-3 3.030-3 2.959-3 2.936-3 3.085-3 3.469-3
3377.1 2.878-3 2.898-3 2.914-3 2.875-3 2.837-3 2.810-3 2.802-3 2.792-3 2.785-3 2.712-3 2.588-3
3390.2 1.052-2 9.428-3 8.348-3 7.396-3 6.665-3 6.154-3 5.833-3 5.632-3 5.515-3 5.385-3 5.432-3
3407.2 1.171-3 1.465-3 1.896-3 2.437-3 3.004-3 3.506-3 3.891-3 4.155-3 4.324-3 4.560-3 4.615-3
3457.9 1.781-3 2.254-3 2.958-3 3.839-3 4.767-3 5.591-3 6.228-3 6.665-3 6.949-3 7.376-3 7.514-3
3470.2 1.187-3 1.170-3 1.138-3 1.108-3 1.084-3 1.069-3 1.056-3 1.057-3 1.061-3 1.097-3 1.203-3
3470.6 1.594-3 1.717-3 1.935-3 2.236-3 2.571-3 2.877-3 3.111-3 3.280-3 3.394-3 3.577-3 3.674-3
3495.2 1.775-3 1.736-3 1.753-3 1.823-3 1.933-3 2.051-3 2.159-3 2.243-3 2.311-3 2.504-3 2.667-3
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3p(4 S° /2  
3p(4 S“ /2
4s(4 P1/ 2
3p(4 S° / 2  
4s(4 P | /2  
4s (4 Pf/2
3d(4 D| /2  
3d(4 Dj /2  
3d(4 D* /2  
3d(4 D| / 2  
3d(4 D ' / 2  
3d(4 D2 /2  
3d(4 P5/2  
3d(4 D*/2  
3d(4 D| /2  
3d(4P */2  
3d(4 D2 /2  
3d(4 P | / 2  
3d(4 D*/2  
3d(4 P | / 2  
3d(4 P */2  
f D ] 3 p £ P |^
MAI 2.25 2.5 2.75
Log N e (cm 
3 3.25 3.5 3.75
oo
oo
- 3 d ( 4 D«/2) 3505.8 1.198-3 1.122-3 1.061-3 1.023-3 1.009-3 1.011-3 1.021-3 1.033-3 1.047-3 1.109-3 1.203-3
-  3d(2 D^/2) 3669.4 1.227-3 1.413-3 1.695-3 2.055-3 2.438-3 2.781-3 3.047-3 3.231-3 3.351-3 3.539-3 3.630-3
-  3s(4 P*/2) 3712.7 8.648-2 7.963-2 7.300-2 6.716-2 6.283-2 5.993-2 5.822-2 5.724-2 5.675-2 5.677-2 5.837-2
"  3s(4 P^/2) 3727.3 1.841-1 1.696-1 1.554-1 1.430-1 1.338-1 1.276-1 1.240-1 1.219-1 1.209-1 1.209-1 1.243-1
-  M % 2) 3739.7 1.241-2 1.186-2 1.155-2 1.148-2 1.167-2 1.197-2 1.230-2 1.260-2 1.288-2 1.379-2 1.466-2
~  3s(4P l J2) 3749.5 3.067-1 2.825-1 2.589-1 2.382-1 2.228-1 2.126-1 2.065-1 2.030-1 2.013-1 2.014-1 2.071-1
-  3p(4 S3°/2) 3762.4 1.031-2 9.977-3 9.548-3 9.092-3 8.692-3 8.394-3 8.205-3 8.120-3 8.109-3 8.460-3 9.269-3
-  3p(4 S^/2) 3777.4 7.818-3 6.829-3 5.863-3 5.060-3 4.468-3 4.078-3 3.842-3 3.723-3 3.681-3 3.871-3 4.372-3
- 3 p ( 4 DJ/2) 3842.7 2.487-2 2.332-2 2.190-2 2.056-2 1.960-2 1.900-2 1.870-2 1.852-2 1.841-2 1.801-2 1.758-2
- 3 p ( 4 D*/2) 3847.8 1.340-2 1.362-2 1.369-2 1.343-2 1.309-2 1.279-2 1.261-2 1.247-2 1.239-2 1.216-2 1.189-2
- 3 p ( 4 D°/2) 3850.7 7.555-3 6.706-3 5.915-3 5.255-3 4.788-3 4.488-3 4.318-3 4.216-3 4.159-3 4.064-3 4.038-3
~ 3p(4 D3/2) 3851.0 2.730-2 2.559-2 2.403-2 2.256-2 2.151-2 2.085-2 2.053-2 2.032-2 2 .0 2 1 - 2 1.977-2 1.929-2
-  3p(4 D3/2) 3856.1 1.547-2 1.572-2 1.580-2 1.550-2 1.512-2 1.477-2 1.456-2 1.440-2 1.431-2 1.404-2 1.373-2
"  3p(4 D^/2)
-  3p(4 D?/2) 
~ 3p(4 D°/2) 
“  3P{4 Dg/2) 
- 3 p ( 4 DJ/2) 
- 3 p ( 4 D?/2)
-  3p(4 D3/2)
3863.4 1 .6 8 6 - 2 1.647-2 1.606-2 1.553-2 1.511-2 1.483-2 1.470-2 1.462-2 1.458-2 1.436-2 1.391-2
3864.0 3.153-3 3.178-3 3.198-3 3.155-3 3.112-3 3.080-3 3.070-3 3.060-3 3.055-3 3.007-3 2.948-3
3864.3 1.092-2 9.690-3 8.547-3 7.593-3 6.918-3 6.485-3 6.239-3 6.092-3 6.010-3 5.871-3 5.835-3
3864.6 3.174-2 2.975-2 2.794-2 2.623-2 2.501-2 2.425-2 2.387-2 2.363-2 2.350-2 2.298-2 2.243-2
3874.0 3.717-3 3.663-3 3.550-3 3.369-3 3.180-3 3.016-3 2.901-3 2.819-3 2.766-3 2.674-3 2.674-3
3882.1 6 .1 1 2 - 2 5.972-2 5.821-2 5.631-2 5.478-2 5.375-2 5.329-2 5.299-2 5.285-2 5.206-2 5.043-2
3882.4 7.818-3 7.705-3 7.466-3 7.085-3 6.687-3 6.344-3 6.102-3 5.929-3 5.816-3 5.625-3 5.625-3
-  3p(4 D°7/2) 3883.0 5.088-3 4.516-3 3.984-3 3.539-3 3.224-3 3.023-3 2.908-3 2.840-3 2.801-3 2.737-3 2.720-3
~ 3p(4 D3/2) 
-  3p(4 D^/2)
3893.5 6.727-3 5.856-3 5.008-3 4.281-3 3.730-3 3.349-3 3.107-3 2.958-3 2.871-3 2.791-3 2.881-3
3907.4 2.145-2 1 .8 6 8 - 2 1.597-2 1.365-2 1.190-2 1.068-2 9.909-3 9.433-3 9.157-3 8.899-3 9.187-3
-  m s s C D y ) 3911.9 5.648-3 5.526-3 5.516-3 5.636-3 5.844-3 6.073-3 6.270-3 6.418-3 6.524-3 6.740-3 6.909-3
Table 6.6: continued
Transition
[ID]3p('/ P ? /2 -  [‘D ^ D ^ )
-  3p(4 D?/2;
-  3s(2 P [ / 2
-  3s(2P®/2
-  3s(2 P ^ /2
-  3s(2 P | /2
-  3d(4 F | /2
-  3d(4 F | /2
-  3d(4 F | /2
-  3d(4 F | /2
-  3d(4 F j / 2
-  3d(4 F «/ 2
-  3d(4 F | /2
-  3d(4 F 2 /2
-  3d(4 Ff /2
-  3d(4 F 2 /2
-  3d(4 F 2 /2
-  3d(4 F2 /2
-  3d(4 Fg/2
-  3d(4 F | / 2
-  3p(4 D»/ 2
-  3p(4 F*3/ 2
-  3d(4 F2 /2  
~ 3p(4 D^ /2
A(A) 2 2.25 2.5 2.75
Log N e (cm 
3 3.25
- 8)
3.5 3.75 4 5 6
3919.2 3.177-3 3.028-3 2.912-3 2.847-3 2.829-3 2.840-3 2.860-3 2.882-3 2.901-3 2.965-3 3.036-3
3926.5 5.866-3 5.106-3 4.367-3 3.733-3 3.253-3 2.920-3 2.710-3 2.579-3 2.504-3 2.433-3 2.512-3
3945.0 1.284-2 1.243-2 1.235-2 1.266-2 1.325-2 1.390-2 1.444-2 1.488-2 1.519-2 1.568-2 1.588-2
3954.3 2.680-2 2.502-2 2.351-2 2.245-2 2.189-2 2.167-2 2.158-2 2.164-2 2.171-2 2.187-2 2.196-2
3973.2 5.849-2 5.658-2 5.622-2 5.764-2 6.032-2 6.331-2 6.577-2 6.775-2 6.915-2 7.140-2 7.232-2
3982.6 1.311-2 1.223-2 1.150-2 1.098-2 1.070-2 1.060-2 1.055-2 1.058-2 1.062-2 1.069-2 1.074-2
4026.2 3.148-3 2.822-3 2.544-3 2.333-3 2.204-3 2.136-3 2.109-3 2.089-3 2.071-3 1.916-3 1.668-3
4032.2 6.199-3 5.549-3 4.977-3 4.582-3 4.343-3 4.214-3 4.157-3 4.116-3 4.078-3 3.757-3 3.234-3
4033.1 8.322-3 8.442-3 8.516-3 8.337-3 8.142-3 7.976-3 7.881-3 7.779-3 7.684-3 7.092-3 6.255-3
4035.0 1.458-2 1.307-2 1.179-2 1.080-2 1 .0 2 1 - 2 9.893-3 9.766-3 9.675-3 9.591-3 8.872-3 7.726-3
4035.4 1.605-3 1.498-3 1.414-3 1.332-3 1.281-3 1.254-3 1.246-3 1.238-3 1.229-3 1.140-3 9.876-4
4041.2 9.240-3 9.234-3 9.191-3 8.914-3 8.636-3 8.402-3 8.259-3 8.116-3 7.988-3 7.294-3 6.338-3
4041.9 2.723-3 2.763-3 2.787-3 2.728-3 2.664-3 2.610-3 2.579-3 2.546-3 2.515-3 2.321-3 2.047-3
4044.9 7.629-3 6.830-3 6.125-3 5.640-3 5.345-3 5.187-3 5.116-3 5.066-3 5.019-3 4.624-3 3.980-3
4046.1 7.712-3 7.446-3 7.226-3 6.958-3 6.783-3 6.684-3 6.658-3 6.618-3 6.569-3 6.066-3 5.216-3
4047.8 2.880-3 2.582-3 2.328-3 2.134-3 2.017-3 1.954-3 1.929-3 1.911-3 1.895-3 1.753-3 1.526-3
4048.2 3.521-2 3.286-2 3.102-2 2.921-2 2.810-2 2.751-2 2.734-2 2.715-2 2.695-2 2.500-2 2.166-2
4054.0 3.358-3 3.355-3 3.340-3 3.239-3 3.138-3 3.053-3 3.001-3 2.949-3 2.903-3 2.651-3 2.303-3
4062.9 4.624-2 4.465-2 4.333-2 4.172-2 4.067-2 4.008-2 3.992-2 3.968-2 3.939-2 3.637-2 3.128-2
4065.0 5.151-3 4.808-3 4.538-3 4.273-3 4.110-3 4.025-3 3.999-3 3.972-3 3.943-3 3.658-3 3.169-3
4069.5 5.051-1 4.442-1 3.829-1 3.286-1 2.859-1 2.555-1 2.358-1 2.236-1 2.166-1 2 .1 2 1 - 1 2.239-1
4069.8 6.233-1 5.841-1 5.363-1 4.859-1 4.403-1 4.041-1 3.791-1 3.625-1 3.524-1 3.435-1 3.575-1
4071.2 9.235-2 8.436-2 7.807-2 7.343-2 7.105-2 7.016-2 7.028-2 7.027-2 7.012-2 6.569-2 5.701-2
4072.0 6.391-1 6.526-1 6.508-1 6.322-1 6.062-1 5.808-1 5.620-1 5.484-1 5.397-1 5.270-1 5.318-1
3d(4 P j / 2  
3p(2 P “ /2  
3p(2 P ° /2  
3p(2 P »/2  
3p(2 P ° /2  
4f(4 F | / 2  
4f(4 F ° /2  
4f(4 F »/2  
4f(4 F | /2  
4f(4 F ° /2  
4f(4 F | / 2  
4f(4 F»/ 2  
4f(4 F ° / 2  
4f(4 F»/ 2  
4f(4 F ° / 2  
4f(4 F ° /2  
4f(4 F | /2  
4f(4 F»/2  
4f(4 F ° /2  
3d(4 F | /2  
3d(4 F j /2  
4f(4 G° / 2  
3d(4 F f /2
Table 6.6: continued
Log N e (cm " 3)
Transition A (A) 2 2.25 2.5 2.75 3 3.25 3.5 3.75 4 5 6
*g/2 . 3p( D7/ 2 ) 4075.8 8.906-1 8 .2 2 2 - 1 7.705-1 7.360-1 7.236-1 7.250-1 7.350-1 7.438-1 7.515-1 7.550-1 7.262-1
4f(4 D j/ 2 -  3d(4 F^/2) 4077.7 2.517-3 2.723-3 2.803-3 2.737-3 2.590-3 2.425-3 2.288-3 2.178-3 2.096-3 1.898-3 1.778-3
3d(4 Fg/2 -  3p(4 D3°/2) 4078.8 1.971-1 1.733-1 1.494-1 1.282-1 1.116-1 9.970-2 9.202-2 8.726-2 8.452-2 8.275-2 8.736-2
4f(4 G? / 2 -  3d(4 Fg/2) 4083.9 1.239-1 1.330-1 1.354-1 1.310-1 1.226-1 1.134-1 1.058-1 9.984-2 9.546-2 8.598-2 8.140-2
3d(4 Fg/2 -  3p(4 D5°/2) 4085.0 1.958-1 1.835-1 1.685-1 1.527-1 1.383-1 1.270-1 1.191-1 1.139-1 1.107-1 1.079-1 1.123-1
4f(4 Dg/2 -  3d(4 F |/2) 4086.5 1.782-3 1.911-3 1.957-3 1.906-3 1.803-3 1.688-3 1.595-3 1.519-3 1.462-3 1.320-3 1.225-3
4f(4 Gg/ 2 3d(4 F |/2) 4087.1 1.257-1 1.310-1 1.305-1 1.242-1 1.149-1 1.054-1 9.778-2 9.197-2 8.783-2 7.982-2 7.711-2
4f(4 Gg/2 3d(4 Fg/2) 4088.2 9.688-3 8.850-3 8.190-3 7.703-3 7.453-3 7.360-3 7.373-3 7.372-3 7.356-3 6.891-3 5.980-3
4f(4 GJ1 /2 -  3d(4 Fg/2) 4089.2 4.774-1 4.344-1 3.997-1 3.736-1 3.596-1 3.538-1 3.536-1 3.529-1 3.518-1 3.284-1 2.839-1
3d(4 F ? /2 -  3p(4 D?/2) 4092.8 1.017-1 1.038-1 1.036-1 1.006-1 9.647-2 9.243-2 8.945-2 8.727-2 8.589-2 8.386-2 8.463-2
3d(4 F | /2 - 3 p ( 4 D«/2) 4094.1 1.356-2 1.192-2 1.028-2 8.819-3 7.674-3 6.859-3 6.330-3 6.002-3 5.814-3 5.692-3 6.010-3
4f(4 G? /2 -  3d(4 F^/2) 4095.6 1.018-1 1.052-1 1.041-1 9.863-2 9.093-2 8.326-2 7.716-2 7.250-2 6.916-2 6.249-2 5.983-2
4f(4 Gg/ 2 -  3d(4 F*/2) 4096.1 2.166-2 2.257-2 2.247-2 2.139-2 1.979-2 1.815-2 1.684-2 1.584-2 1.513-2 1.375-2 1.328-2
4f(4 G? / 2 -  3d(4 Fe7/2) 4096.9 1.295-2 1.391-2 1.416-2 1.370-2 1.282-2 1.186-2 1.107-2 1.044-2 9.985-3 8.993-3 8.515-3
3d(4 Dg/ 2 -  3p(4 P?/2) 4097.1 7.283-2 6.828-2 6.412-2 6 .0 2 0 - 2 5.740-2 5.564-2 5.477-2 5.422-2 5.392-2 5.275-2 5.146-2




-  3d(4 F3/2) 4098.5 2.267-1 1.827-1 1.426-1 1 .1 1 2 - 1 8.956-2 7.587-2 6.772-2 6.292-2 6 .0 1 2 - 2 5.645-2 5.618-2
-  3p(4 P?/2) 4102.9 6.504-2 6.610-2 6.645-2 6.518-2 6.356-2 6 .2 1 0 - 2 6 .1 2 0 - 2 6.054-2 6.016-2 5.905-2 5.772-2
-  3p(4 P3°/2) 4104.7 3.665-2 3.253-2 2.869-2 2.549-2 2.322-2 2.177-2 2.094-2 2.045-2 2.018-2 1.971-2 1.959-2
3d(4 Dg/ 2 -  3p(4 P3/2) 4105.0 1.583-1 1.484-1 1.393-1 1.308-1 1.247-1 1.209-1 1.190-1 1.178-1 1.172-1 1.146-1 1.118-1
3d(4 F | 2 - 3 P(4 D?/2) 4105.9 7.318-3 6.857-3 6.297-3 5.705-3 5.170-3 4.744-3 4.450-3 4.256-3 4.138-3 4.033-3 4.197-3
4f(4 D? ; 2
4f(4 Df/2
-  3d(4 Fg/2)
-  3d(4 Fg/2)
4107.1 1.323-1 1.070-1 8.393-2 6.571-2 5.307-2 4.504-2 4.024-2 3.739-2 3.572-2 3.350-2 3.328-2
4107.6 1.089-2 8.781-3 6.855-3 5.345-3 4.304-3 3.646-3 3.255-3 3.024-3 2.889-3 2.713-3 2.700-3
4f(4 G? /2 -  3d(4 F 7/2) 4108.7 1.665-2 1.721-2 1.702-2 1.613-2 1.487-2 1.361-2 1.262-2 1.185-2 1.131-2 1 .0 2 2 - 2 9.784-3
Table 6.6: continued
Transition 
3d(4 Dj/2) -  3p(4 P°/2)
4f(4 G°/2) -  3d(4 F |/2)
3d(4 Df/2) -  3p(4 P°/2)
3d(4 D |/2) -  3p(4 P j/2)
3d(4 D |/2) -  3p(4 P»/2)
3d(4 Pf/2) -  3p(4 PJ/2)
3d(4 P '/2) — 3p(4 P j/2)
3d(4 P |/2) — 3p(4 P°/2)
3d(4 P | /2) -  3p(4 P j/2)
3d(4 P*/2) -  3p(4 P°/2)
3d(4 P |/2) -  3p(4 P j/2)
3d(4 P |/2) -  3p(4 P°/2)
p D I S d p G f ^ J - p D l S p ^ F ” ™)
p D l S d f G ^ )  -  p D lS p ^ F ^ )
4f(4 F°/2) -  3d(4 P |/2)
4f(4 F»/2) -  3d(4 P |/2)
4f(4 F»/2) -  3d(4 P |/2)
4f(4 D |/2) -  3d(4 P j /2)
4f(4 F?/2) -  3d(4 D |/2)
4f(4 F°/2) -  3d(4 D2/2)
4f(4 Fg/2) -  3d(4 D2/2)
4f(4 F»/2) -  3d(4 D |/2)
4f(4 F°/2) -  3d(4 D |/2)
4f(4 D°/2) -  3d(4 P ‘ /2)
A (A) 2 2.25 2.5 2.75
Log N e (cm 
3 3.25
- 3)
3.5 3.75 4 5 6
4110.8 3.036-2 3.085-2 3.102-2 3.042-2 2.967-2 2.899-2 2.857-2 2.826-2 2.808-2 2.756-2 2.694-2
4114.5 6.998-3 7.580-3 7.764-3 7.531-3 7.054-3 6.526-3 6.090-3 5.743-3 5.489-3 4.938-3 4.671-3
4119.2 1.818-1 1.776-1 1.731-1 1.675-1 1.629-1 1.598-1 1.585-1 1.576-1 1.572-1 1.548-1 1.500-1
4120.2 2.847-2 2.527-2 2.229-2 1.980-2 1.804-2 1.691-2 1.627-2 1.589-2 1.568-2 1.531-2 1.522-2
4120.5 2.947-2 2.763-2 2.594-2 2.436-2 2.323-2 2.251-2 2.216-2 2.194-2 2.182-2 2.134-2 2.082-2
4121.4 3.367-2 3.393-2 3.415-2 3.369-2 3.323-2 3.289-2 3.278-2 3.267-2 3.262-2 3.211-2 3.148-2
4129.3 4.566-2 4.601-2 4.630-2 4.569-2 4.507-2 4.460-2 4.445-2 4.431-2 4.424-2 4.354-2 4.270-2
4132.7 1.365-1 1.345-1 1.304-1 1.237-1 1.168-1 1.108-1 1.065-1 1.035-1 1.016-1 9.821-2 9.821-2
4140.7 5.057-3 4.984-3 4.829-3 4.583-3 4.325-3 4.103-3 3.947-3 3.835-3 3.762-3 3.638-3 3.638-3
4153.3 2.828-1 2.462-1 2.105-1 1.800-1 1.568-1 1.408-1 1.306-1 1.243-1 1.207-1 1.173-1 1.211-1
4156.5 8.466-2 8.343-2 8.085-2 7.673-2 7.241-2 6.870-2 6.607-2 6.420-2 6.298-2 6.091-2 6.091-2
4169.2 3.124-1 2.719-1 2.325-1 1.988-1, 1.732-1 1.555-1 1.443-1 1.373-1 1.333-1 1.296-1 1.338-1
4185.4 1.075-2 1.194-2 1.388-2 1.645-2 1.923-2 2.173-2 2.366-2 2.499-2 2.584-2 2.701-2 2.725-2
4189.7 2.089-2 2.409-2 2.886-2 3.487-2 4.121-2 4.683-2 5.113-2 5.406-2 5.593-2 5.835-2 5.867-2
4225.2 7.439-3 6.944-3 6.555-3 6.172-3 5.937-3 5.813-3 5.777-3 5.737-3 5.696-3 5.283-3 4.577-3
4231.6 2.580-3 2.579-3 2.567-3 2.489-3 2.412-3 2.347-3 2.307-3 2.267-3 2.231-3 2.037-3 1.770-3
4244.7 4.522-3 4.519-3 4.498-3 4.362-3 4.226-3 4.112-3 4.042-3 3.972-3 3.909-3 3.570-3 3.102-3
4263.2 2.116-3 2.066-3 2.061-3 2.016-3 1.998-3 1.998-3 2.014-3 2.015-3 2.007-3 1.845-3 1.562-3
4273.1 2.724-2 2.438-2 2.187-2 2.014-2 1.909-2 1.852-2 1.826-2 1.809-2 1.792-2 1.651-2 1.421-2
4274.2 1.128-2 1.010-2 9.057-3 8.340-3 7.905-3 7.670-3 7.565-3 7.492-3 7.422-3 6.838-3 5.885-3
4275.5 1.924-1 1.858-1 1.803-1 1.736-1 1.692-1 1.668-1 1.661-1 1.651-1 1.639-1 1.513-1 1.301-1
4276.0 5.457-2 4.893-2 4.411-2 4.044-2 3.821-2 3.703-2 3.655-2 3.621-2 3.590-2 3.321-2 2.892-2
4276.3 3.839-2 3.442-2 3.103-2 2.845-2 2.688-2 2.605-2 2.572-2 2.548-2 2.526-2 2.336-2 2.035-2
4276.6 4.133-3 4.127-3 4.246-3 4.296-3 4.399-3 4.521-3 4.652-3 4.732-3 4.781-3 4.628-3 4.207-3
CO
Table 6.6: continued
Transition A (A) 2 2.25 2.5 2.75
Log N e (cm 
3 3.25
" 3)
3.5 3.75 4 5 6
4fpD» /2 3 d ( 4 P 3 / 2 ) 4276.6 2.585-2 2.524-2 2.518-2 2.463-2 2.441-2 2.441-2 2.461-2 2.462-2 2.452-2 2.253-2 1.908-2
4f(4 F ? /2 ~ 3d(4 D^/2) 4276.7 9.789-2 9.138-2 8.625-2 8 .1 2 2 - 2 7.813-2 7.649-2 7.602-2 7.550-2 7.495-2 6.952-2 6.023-2
4f(*F° /2 "  3d(4 De7/2) 4277.4 2.114-3 1.895-3 1.709-3 1.566-3 1.480-3 1.435-3 1.416-3 1.403-3 1.391-3 1.286-3 1.120-3
4f(4 F | /2 -  3 d ( % 2) 4277.4 5.348-2 5.425-2 5.473-2 5.357-2 5.232-2 5.125-2 5.065-2 4.999-2 4.938-2 4.558-2 4.020-2
4f(4 F ° /2 -  3d(4 D7/2) 4277.9 4.281-2 3.996-2 3.772-2 3.552-2 3.417-2 3.345-2 3.325-2 3.302-2 3.278-2 3.041-2 2.634-2
4f(4 D» /2 -  3d(4 P^/2) 4281.3 3.345-2 3.586-2 3.673-2 3.577-2 3.383-2 3.168-2 2.993-2 2.851-2 2.744-2 2.478-2 2.300-2
4f( 4 D| /2 -  3d(4 P*/2) 4281.4 2.255-3 2.439-3 2.511-3 2.452-3 2.320-3 2.172-3 2.050-3 1.951-3 1.877-3 1.700-3 1.593-3
4 f ( 4 F 5 /2 - 3 d ( 4 De3/2) 4282.9 6.771-2 6.766-2 6.735-2 6.532-2 6.329-2 6.157-2 6.052-2 5.947-2 5.854-2 5.345-2 4.644-2
4f(4 F | /2 ~ 3d(4 D^/2) 4283.2 1.259-2 1.258-2 1.252-2 1.214-2 1.176-2 1.144-2 1.125-2 1.106-2 1.088-2 9.935-3 8.633-3
4f(4 F | /2 -  3d(4 D^/2) 4283.7 3.348-2 3.396-2 3.426-2 3.354-2 3.275-2 3.209-2 3.171-2 3.129-2 3.091-2 2.853-2 2.516-2
4f(4 F | /2 -  3d(4 D |/2) 4284.0 2.940-3 2.982-3 3.008-3 2.945-3 2.876-3 2.818-3 2.784-3 2.748-3 2.714-3 2.505-3 2.210-3
4 f ( 4 F g /2 -  3d(4 D7/2) 4284.4 2.152-3 2.151-3 2.141-3 2.077-3 2.012-3 1.957-3 1.924-3 1.891-3 1.861-3 1.699-3 1.476-3
4 f ( 4 ° 3 / 2 -  3d(4 PJ/2) 4288.8 2.600-2 2.539-2 2.533-2 2.477-2 2.455-2 2.455-2 2.475-2 2.476-2 2.466-2 2.267-2 1.919-2
4 f ( 4 ° V 2 -  3d(4 PJ/2) 4288.8 2.339-2 2.336-2 2.403-2 2.431-2 2.490-2 2.559-2 2.633-2 2.678-2 2.706-2 2.620-2 2.381-2
4 f(4 G? /2 -  3d(4 P e5/2) 4291.2 8.626-2 8.915-2 8.818-2 8.354-2 7.702-2 7.053-2 6.536-2 6.141-2 5.858-2 5.293-2 5.068-2
4 f(4 G5/2 -  3d(4 P |/2) 4291.8 4.213-3 4.390-3 4.371-3 4.162-3 3.849-3 3.531-3 3.276-3 3.082-3 2.943-3 2.675-3 2.584-3
4f(4 D» / 2 -  3d(4 P |/2) 4294.7 1.033-1 1.107-1 1.134-1 1.104-1 1.044-1 9.781-2 9.241-2 8.802-2 8.472-2 7.649-2 7.099-2
4f(4 D| /2 3d(4 P^/2) 4294.9 2.881-2 3.117-2 3.209-2 3.133-2 2.965-2 2.775-2 2.619-2 2.493-2 2.399-2 2.173-2 2.035-2
4 f ( 4 G g / 2 ~ 3d(4 D7/2) 4303.6 3.834-2 3.502-2 3.241-2 3.048-2 2.950-2 2.913-2 2.918-2 2.917-2 2.911-2 2.727-2 2.367-2
4 f(4 D? /2 -  3d(4 P |/2) 4303.9 5.300-1 4.287-1 3.361-1 2.631-1 2.125-1 1.804-1 1.611-1 1.497-1 1.431-1 1.342-1 1.333-1
4f(4 D»/ 2 ~ 3d(4 P§/2) 4304.4 2.527-2 2.037-2 1.590-2 1.240-2 9.983-3 8.457-3 7.549-3 7.013-3 6.701-3 6.293-3 6.262-3
4 f ( 4 G I /2 -  3d(4 P®/2) 4305.3 1.117-2 1.164-2 1.158-2 1.103-2 1 .0 2 0 - 2 9.359-3 8.683-3 8.167-3 7.800-3 7.088-3 6.848-3
4f(4 D“ /2 -  3d(4 P?/2) 4307.2 3.269-2 3.537-2 3.641-2 3.556-2 3.364-2 3.149-2 2.972-2 2.829-2 2.722-2 2.466-2 2.309-2
4 f(4 D° /2 -  3d(4 D®/2) 4309.0 7.931-3 7.921-3 8.149-3 8.245-3 8.443-3 8.677-3 8.928-3 9.081-3 9.176-3 8.882-3 8.073-3
Table 6.6: continued
Transition A (A) 2 2.25 2.5 2.75
Log N e (cm 
3 3.25
" 3)
3.5 3.75 4 5 6
4315.4 1.015-2 9.906-3 9.883-3 9.665-3 9.579-3 9.578-3 9.658-3 9.662-3 9.624-3 8.844-3 7.488-3
4315.4 4.600-3 4.594-3 4.727-3 4.782-3 4.897-3 5.033-3 5.178-3 5.267-3 5.322-3 5.152-3 4.682-3
4315.7 1.887-3 1.842-3 1.838-3 1.798-3 1.782-3 1.781-3 1.796-3 1.797-3 1.790-3 1.645-3 1.393-3
4317.0 1.724-1 1.576-1 1.434-1 1.307-1 1.212-1 1.148-1 1.110-1 1.087-1 1.074-1 1.058-1 1.066-1
4318.0 7.202-2 5.806-2 4.532-2 3.534-2 2.846-2 2.411-2 2.152-2 1.999-2 1.910-2 1.794-2 1.785-2
4319.6 1.186-1 1.104-1 1.025-1 9.548-2 9.039-2 8.709-2 8.526-2 8.422-2 8.372-2 8.330-2 8.386-2
4325.7 3.268-2 3.216-2 3.134-2 3.007-2 2.883-2 2.783-2 2.717-2 2.671-2 2.644-2 2.589-2 2.572-2
4327.5 1.735-2 1.877-2 1.933-2 1.887-2 1.786-2 1.672-2 1.578-2 1.502-2 1.445-2 1.309-2 1.226-2
4331.2 2.900-2 3.114-2 3.170-2 3.068-2 2.871-2 2.655-2 2.478-2 2.338-2 2.235-2 2.013-2 1.906-2
4332.7 5.910-2 6.402-2 6.557-2 6.361-2 5.958-2 5.512-2 5.143-2 4.851-2 4.636-2 4.170-2 3.945-2
4333.8 9.045-3 9.698-3 9.934-3 9.674-3 9.148-3 8.568-3 8.095-3 7.710-3 7.422-3 6.700-3 6.219-3
4334.2 9.344-3 1.002-2 1.026-2 9.994-3 9.451-3 8.851-3 8.363-3 7.965-3 7.667-3 6.922-3 6.424-3
4334.3 2.257-3 2.442-3 2.514-3 2.455-3 2.323-3 2.175-3 2.052-3 1.953-3 1.879-3 1.702-3 1.594-3
4335.3 2.648-3 2.839-3 2.908-3 2.832-3 2.678-3 2.508-3 2.370-3 2.257-3 2.173-3 1.962-3 1.821-3
4336.8 8.380-2 7.664-2 6.973-2 6.356-2 5.894-2 5.583-2 5.395-2 5.283-2 5.221-2 5.141-2 5.182-2
4344.4 4.197-2 4.337-2 4.290-2 4.064-2 3.747-2 3.431-2 3.179-2 2.987-2 2.850-2 2.575-2 2.466-2
4345.5 1.859-2 1.922-2 1.901-2 1.801-2 1.660-2 1.520-2 1.409-2 1.324-2 1.263-2 1.141-2 1.093-2
4345.6 1.958-1 1.926-1 1.877-1 1.801-1 1.727-1 1.667-1 1.627-1 1.600-1 1.584-1 1.550-1 1.541-1
4347.3 8.500-3 8.084-3 7.733-3 7.497-3 7.373-3 7.327-3 7.322-3 7.333-3 7.351-3 7.441-3 7.569-3
4349.5 3.761-1 3.499-1 3.248-1 3.027-1 2.866-1 2.761-1 2.703-1 2.670-1 2.654-1 2.641-1 2.659-1
4351.2 8.338-3 9.063-3 1.014-2 1.149-2 1.291-2 1.418-2 1.515-2 1.583-2 1.627-2 1.693-2 1.716-2
4357.2 1.778-3 1.815-3 1.810-3 1.759-3 1.686-3 1.615-3 1.563-3 1.525-3 1.501-3 1.466-3 1.479-3
4357.3 1.820-1 1.472-1 1.154-1 9.037-2 7.299-2 6.195-2 5.534-2 5.143-2 4.913-2 4.607-2 4.577-2

























-  3d(4D |/2
-  3d(4DI/2
-  3s(4pf /2
-  3(4(4p3/2
-  3 s (4 p 3 /2
-  3s(4P5/2
-  3d(4D j/2
-  3d(4D |/2 
3d(4D?/2
-  3d(4D |/2
-  3d(4D j/2 
" 3d(4Dj/2
-  3d(4Dy/2
-  3 s ( 4 p ?/2
-  3d(4D I,,
-  3d(4De7/2
-  3s(4p3/2:
-  p D jS sp D ^ )
-  3s(4pi /2:
-  p D ^ D ^ )
-  3p(4p?/2:




4f(4D?/2) -  3d(4Dj/2)
3p(4P»/2) -  3 s (4P j /2 ) 
3d(2D |/2) - 3 p ( 2D°/2) 
3d(2D |/2) -  3p(2Dj/2) 
3p(2D°/2) -  3 s (2P ' /2 ) 
3p(2D’/2) -  3 s (2P®/2 ) 
3p(2D»/2) -  3s (2P | /2 ) 
l1S]3p(2P | / , ) - [ 1S]38(2S‘/2) 
pS]3P(2PJ/2) -  (1S]3s ( 2S®/2 ) 
[1D]3p(2F°/2) -  p D JS s fD ^ )  
[‘D J S p fF ^ )  -  pD]3B(seE»S/2) 
3p(4D»/2) -  3 s (4P ; /2 ) 
3p(4D°/2) -  3 s (4P j /2 ) 
3p(4D?/2) -  3 s (4P | /2 ) 
3p(4D»/2) - 3 s ( 4P '/2) 
3p(4D»/2) -  3s(4P |/2) 
3p(4D»/2) -  3s(4P ' /2) 
3p(4D“/2) -  3s(4P®/2) 
3p(4D»/2) -  3s (4P j /2 ) 
^ D I S d f F ^ )  -  [»E>]3p(2Dg ) 
3d(2F |/2) -  3p(2D2/2) 
P D M ^ )  -  [ ^ p ^  ) 
p D ^ f F ^ )  -  )
3d(2F‘ /2) -  3p(2Dg„)
A ( i ) 2 2.25 2.5 2.75
Log N e (cm 
3 3.25
' 3)
3.5 3.75 4 5 6
4358.5 2.284-2 1.848-2 1.448-2 1.13+2 9.159-3 7.773-3 6.945-3 6.453-3 6.165-3 5.781-3 5.743-3
4366.9 1.833-1 1.677-1 1.525-1 1.390-1 1.289-1 1.221-1 1.180-1 1.156-1 1.142-1 1.125-1 1.134-1
4369.2 4.814-3 4.476-3 4.171-3 3.901-3 3.716-3 3.602-3 3.547-3 3.512-3 3.492-3 3.389-3 3.230-3
4395.9 7.127-3 6.529-3 6.008-3 5.637-3 5.420-3 5.315-3 5.283-3 5.271-3 5.266-3 5.144-3 4.876-3
4414.8 1.280-1 1.338-1 1.451-1 1.611-1 1.79+1 1.96+1 2.097-1 2.192-1 2.254-1 2.335-1 2.337-1
4416.9 1.049-1 9.963-2 9.37+2 8.803-2 8.32+2 7.968-2 7.701-2 7.55+2 7.468-2 7.339-2 7.456-2
4452.3 2.160-2 2.052-2 1.930-2 1.813-2 1.71+2 1.641-2 1.586-2 1.555-2 1.538-2 1.511-2 1.535-2
4466.1 3.992-3 4.134-3 4.418-3 4.831-3 5.303-3 5.742-3 6.092-3 6.345-3 6.520-3 6.867-3 7.169-3
4467.4 1.982-3 2.045-3 2.180-3 2.38+3 2.619-3 2.840-3 3.015-3 3.141-3 3.227-3 3.388-3 3.516-3
4590.9 2.288-2 2.650-2 3.182-2 3.845-2 4.541-2 5.156-2 5.626-2 5.948-2 6.153-2 6.427-2 6.475-2
4596.1 1.456-2 1.547-2 1.708-2 1.929-2 2.174-2 2.397-2 2.571-2 2.691-2 2.769-2 2.880-2 2.912-2
4638.8 4.659-1 4.277-1 3.859-1 3.458-1 3.119-1 2.86+1 2.692-1 2.58+1 2.520-1 2.47+1 2.58+1
4641.9 7.702-1 7.682-1 7.528-1 7.246-1 6.929-1 6.647-1 6.445-1 6.307-1 6.224-1 6.140-1 6.268-1
4649.2 1.174+0 1.101+0 1.045+0 1.008+0 9.960-1 9.992-1 1.012+0 1.023+0 1.034+0 1.047+0 1.030+0
4650.8 5.187-1 4.582-1 3.978-1 3.444-1 3.028-1 2.735-1 2.546-1 2.431-1 2.366-1 2.329-1 2.450-1
4661.7 4.895-1 4.49+1 4.055-1 3.633-1 3.277-1 3.010-1 2.829-1 2.715-1 2.648-1 2.600-1 2.715-1
4673.8 8.511-2 7.519-2 6.527-2 5.652-2 4.969-2 4.487-2 4.178-2 3.988-2 3.882-2 3.821-2 4.020-2
4676.3 2.384-1 2.378-1 2.330-1 2.243-1 2.145-1 2.058-1 1.995-1 1.952-1 1.927-1 1.901-1 1.940-1
4696.4 3.289-2 3.020-2 2.725-2 2.441-2 2.202-2 2.022-2 1.901-2 1.824-2 1.779-2 1.747-2 1.825-2
4698.9 1.530-3 1.753-3 2.055-3 2.412-3 2.775-3 3.092-3 3.332-3 3.496-3 3.601-3 3.743-3 3.766-3
4699.2 2.383-2 2.380-2 2.335-2 2.240-2 2.133-2 2.038-2 1.971-2 1.923-2 1.892-2 1.834-2 1.803-2
4701.1 1.234-3 1.173-3 1.131-3 1.113-3 1.118-3 1.133-3 1.149-3 1.163-3 1.17+3 1.198-3 1.218-3
4703.1 2.571-3 2.400-3 2.246-3 2.129-3 2.052-3 2.008-3 1.984-3 1.971-3 1.966-3 1.968-3 1.985-3
4705.3 3.189-2 3.038-2 2.932-2 2.865-2 2.85+2 2.877-2 2.918-2 2.950-2 2.973-2 2.951-2 2.810-2
Table 6.6: continued
Transition MA) 2 2.25 2.5 2.75
Log N e (cm 
3 3.25
" 3)
3.5 3.75 4 5 6
3 d ( ^ 5/2) -  3p(2Dg/2) 4741.7 1.594-3 1.591-3 1.561-3 1.498-3 1.427-3 1.363-3 1.318-3 1.286-3 1.265-3 1.226-3 1.205-3
3d(4D*/2) -  3p (4S3°/2) 4856.7 5.054-3 4.738-3 4.449-3 4.177-3 3.983-3 3.861-3 3.800-3 3.763-3 3.741-3 3.660-3 3.571-3
3d(4DJ/2) -  3p(4S3/2) 4864.9 2.205-3 2.241-3 2.253-3 2.210-3 2.155-3 2.106-3 2.075-3 2.053-3 2.040-3 2.002-3 1.957-3
3d(4P^/2) -  3p(4S3/2) 4890.8 5.378-2 5.420-2 5.454-2 5.381-2 5.308-2 5.253-2 5.236-2 5.219-2 5.211-2 5.129-2 5.029-2
3d(4Pg/2) -  3p(4S3/2) 4906.8 1.442-1 1.421-1 1.377-1 1.307-1 1.233-1 1.170-1 1.125-1 1.093-1 1.073-1 1.037-1 1.037-1
3d(4?5/2) -  3p(4S3/2) 4924.5 3.457-1 3.009-1 2.573-1 2.200-1 1.917-1 1.721-1 1.597-1 1.520-1 1.475-1 1.434-1 1.480-1
3d(2Dg/2) — 3p(2PJ/2) 4941.1 9.723-3 9.041-3 8.424-3 7.879-3 7.505-3 7.276-3 7.164-3 7.094-3 7.052-3 6.845-3 6.524-3
3d(2D^/2) ~ 3p(2P^/2) 4943.0 1.770-2 1.621-2 1.492-2 1.400-2 1.346-2 1.320-2 1.312-2 1.309-2 1.308-2 1.277-2 1.211-2
3d(2De3/2) -  3p(2P 3/2) 4955.6 2.293-3 2.132-3 1.987-3 1.859-3 1.770-3 1.716-3 1.690-3 1.673-3 1.663-3 1.614-3 1.539-3
3d(2P j/2) -  3p(2P?/2) 5160.0 1.045-3 1.052-3 1.058-3 1.044-3 1.030-3 1.020-3 1.017-3 1.014-3 1.011-3 9.844-4 9.394-4
3d(2P*/2) -  3p(2P^/2) 5206.6 4.387-3 3.931-3 3.481-3 3.084-3 2.779-3 2.566-3 2.432-3 2.348-3 2.300-3 2.245-3 2.265-3
6s(2P l /2) - 4 p ( 2D5°/2) 5230.9 1.138-3 1.851-3 2.861-3 4.098-3 5.378-3 6.501-3 7.354-3 7.935-3 8.302-3 8.772-3 8.826-3
6g(4^ /2) - 4 f ( 4D?/2) 6370.1 1.324-3 1.329-3 1.357-3 1.371-3 1.399-3 1.434-3 1.472-3 1.498-3 1.516-3 1.484-3 1.316-3
6g(4Ge5/2) — 4f(4D3/2) 6423.7 1.845-3 1.933-3 2.060-3 2.144-3 2.241-3 2.337-3 2.427-3 2.489-3 2.533-3 2.506-3 2.243-3
6g(4G?/2) - 4 f ( 4D*/2) 6424.1 5.069-3 4.997-3 4.953-3 4.895-3 4.880-3 4.897-3 4.939-3 4.964-3 4.977-3 4.783-3 4.218-3
6g(4^ 1/2) ~ 4f(4G«/2) 6425.8 2.013-3 2.015-3 2.048-3 2.070-3 2.117-3 2.174-3 2.234-3 2.277-3 2.307-3 2.267-3 2.015-3
- 4 f ( 4G?/2) 6426.8 2.638-3 2.339-3 2.099-3 1.960-3 1.906-3 1.904-3 1.924-3 1.948-3 1.966-3 1.922-3 1.710-3
6g(4^ /2) - 4 f ( 4D?/2) 6457.7 1.933-3 2.223-3 2.376-3 2.373-3 2.264-3 2.119-3 1.992-3 1.894-3 1.825-3 1.702-3 1.664-3
6S(4Ge5/2) -  4 f ( % 2) 6471.4 1.050-2 1.092-2 1.162-2 1.205-2 1.256-2 1.306-2 1.353-2 1.384-2 1.405-2 1.371-2 1.200-2
6g(4Ge5/2) — 4f(4G3/2) 6478.3 1.401-3 1.616-3 1.731-3 1.732-3 1.654-3 1.550-3 1.457-3 1.386-3 1.335-3 1.245-3 1.216-3
6g(4G?/2) - 4 f ( 4G?/2) 6479.6 1.804-3 2.081-3 2.228-3 2.228-3 2.127-3 1.992-3 1.873-3 1.781-3 1.717-3 1.601-3 1.564-3
6g(4G?/2) - 4 f ( 4G‘/2) 6485.0 1.644-2 1.920-2 2.076-2 2.092-2 2.010-2 1.892-2 1.787-2 1.707-2 1.653-2 1.573-2 1.570-2
6g(4G |/2) - 4 f ( 4G?/2) 6486.4 2.701-2 3.107-2 3.319-2 3.315-2 3.163-2 2.961-2 2.783-2 2.646-2 2.550-2 2.379-2 2.325-2
6g(4G®1/2) - 4f(4G?1/2) 6488.3 3.000-3 3.003-3 3.053-3 3.086-3 3.155-3 3.240-3 3.330-3 3.394-3 3.439-3 3.379-3 3.004-3
Table 6.6: continued
Transition H A) 2 2.25 2.5 2.75
Log N e (cm 
3 3.25
- 3)
3.5 3.75 4 5 6
6g(4G |/2) -  4f(4Gg/2) 6491.0 3.752-3 3.327-3 2.986-3 2.787-3 2.711-3 2.708-3 2.737-3 2.770-3 2.796-3 2.733-3 2.432-3
6g(4H*3/2) -  4f(4G°1/2) 6495.8 4.796-2 4.393-2 4.104-2 3.932-2 3.891-2 3.925-2 3.999-2 4.061-2 4.108-2 4.047-2 3.624-2
6g(4Gf1/2) -  4f(4G°/2) 6498.4 3.736-2 3.410-2 3.190-2 3.071-2 3.060-2 3.109-2 3.186-2 3.247-2 3.293-2 3.247-2 2.890-2
6g(4G |/2) -  4f(4D»/2) 6502.2 1.212-2 1.399-2 1.498-2 1.499-2 1.432-2 1.341-2 1.261-2 1.199-2 1.156-2 1.077-2 1.052-2
®g(4G2/2) -  4f(4D3/2) 6502.4 1.695-2 1.955-2 2.093-2 2.093-2 1.998-2 1.872-2 1.760-2 1.673-2 1.613-2 1.504-2 1.469-2
6g(4Gf1/2) -  4f(4Gg/2) 6509.7 3.588-2 4.093-2 4.346-2 4.322-2 4.113-2 3.845-2 3.612-2 3.433-2 3.309-2 3.086-2 3.017-2
[1D]4p(2F“/2) -  ['D]3d(2F 2/2) 6509.7 1.884-3 2.463-3 3.305-3 4.350-3 5.445-3 6.411-3 7.151-3 7.660-3 7.988-3 8.448-3 8.564-3
6g(4G |/2) -  4f(4G°/2) 6510.6 2.666-2 3.066-2 3.276-2 3.272-2 3.122-2 2.923-2 2.748-2 2.613-2 2.519-2 2.352-2 2.303-2
6g(4G '/2) -  4f(4Gg/2) 6515.3 1.640-3 1.887-3 2.016-3 2.014-3 1.921-3 1.798-3 1.690-3 1.607-3 1.549-3 1.445-3 1.412-3
6g(4G*/2) - 4 f ( 4F»/2) 6537.5 5.757-3 6.032-3 6.427-3 6.689-3 6.992-3 7.293-3 7.575-3 7.769-3 7.903-3 7.821-3 7.001-3
6g(4G‘/2) - 4 f ( 4F°/2) 6539.4 1.434-2 1.414-2 1.402-2 1.385-2 1.381-2 1.386-2 1.397-2 1.405-2 1.408-2 1.353-2 1.194-2
.,6g(4G |/2) - 4 f ( 4F°/2) 6545.7 1.681-3 1.748-3 1.860-3 1.929-3 2.010-3 2.091-3 2.167-3 2.216-3 2.249-3 2.195-3 1.921-3
6g(4G^/2) -  4f(4F?/2) 6550.5 1.797-2 1.804-2 1.842-2 1.860-2 1.899-2 1.946-2 1.998-2 2.033-2 2.056-2 2.013-2 1.786-2
6g(4G '/2) - 4 f ( 4F?/2) 6554.6 4.666-3 4.600-3 4.559-3 4.506-3 4.492-3 4.508-3 4.546-3 4.569-3 4.581-3 4.403-3 3.883-3
6g(4G |/2) -  4f(4F»/2) 6555.6 1.702-3 1.784-3 1.901-3 1.978-3 2.068-3 2.157-3 2.240-3 2.297-3 2.337-3 2.313-3 2.070-3
6s(4G!i/2) -  4f(4Fg/2) 6555.8 2.454-2 2.456-2 2.497-2 2.524-2 2.580-2 2.650-2 2.723-2 2.776-2 2.812-2 2.763-2 2.457-2
6g(4G |/2) -  4f(4F»/2) 6556.0 3.915-3 3.930-3 4.013-3 4.053-3 4.137-3 4.240-3 4.352-3 4.428-3 4.480-3 4.386-3 3.892-3
6g(4G |/2) -  4f(4F “/2) 6559.1 2.929-2 2.597-2 2.331-2 2.176-2 2.116-2 2.114-2 2.137-2 2.162-2 2.183-2 2.134-2 1.898-2
6g(4G |/2) -  4f(4F “/2) 6559.2 1.058-3 1.063-3 1.085-3 1.096-3 1.118-3 1.146-3 1.177-3 1.197-3 1.212-3 1.186-3 1.052-3
4p(2D |/2) -  3d(2F '/2) 6565.3 6.696-3 7.537-3 8.885-3 1.064-2 1.254-2 1.425-2 1.557-2 1.651-2 1.712-2 1.805-2 1.836-2
4p(2D3/2) -  3d(2F |/2) 6571.1 4.667-3 4.490-3 4.275-3 4.064-3 3.879-3 3.737-3 3.621-3 3.566-3 3.539-3 3.536-3 3.718-3
6g(4G |/2) -  4f(4F“/2) 6618.8 3.715-3 4.287-3 4.592-3 4.594-3 4.387-3 4.110-3 3.864-3 3.675-3 3.541-3 3.302-3 3.225-3
6g(4G?/2) -  4f(4Ff/2) 6620.5 5.250-3 6.056-3 6.483-3 6.484-3 6.192-3 5.799-3 5.452-3 5.184-3 4.997-3 4.659-3 4.551-3
4p(2P»/2) -  3d(2P*/2) 6627.3 2.603-3 2.683-3 2.888-3 3.205-3 3.580-3 3.934-3 4.214-3 4.421-3 4.564-3 4.824-3 4.977-3
Table 6.6: continued
Transition A (A) 2 2.25 2.5 2.75
Log N e (cm 
3 3.25
" 3)
3.5 3.75 4 5 6
6640.8 1.548-2 1.463-2 1.409-2 1.404-2 1.434-2 1.480-2 1.519-2 1.552-2 1.575-2 1.608-2 1.633-2
6643.1 2.751-3 3.137-3 3.332-3 3.314-3 3.153-3 2.948-3 2.769-3 2.632-3 2.536-3 2.366-3 2.313-3
6646.3 2.039-3 2.345-3 2.505-3 2.502-3 2.388-3 2.235-3 2.102-3 1.998-3 1.926-3 1.799-3 1.761-3
6717.6 1.302-3 1.245-3 1.213-3 1.210-3 1.231-3 1.263-3 1.293-3 1.320-3 1.341-3 1.398-3 1.452-3
6721.1 2.973-2 2.811-2 2.708-2 2.697-2 2.756-2 2.843-2 2.918-2 2.982-2 3.025-2 3.090-2 3.137-2
6846.8 8.036-3 7.591-3 7.319-3 7.239-3 7.349-3 7.559-3 7.805-3 8.027-3 8.232-3 8.912-3 9.468-3
6869.4 1.214-2 1.204-2 1.180-2 1.145-2 1.107-2 1.075-2 1.054-2 1.044-2 1.042-2 1.087-2 1.187-2
6884.9 1.518-2 1.353-2 1.188-2 1.045-2 9.342-3 8.572-3 8.092-3 7.830-3 7.718-3 8.014-3 8.972-3
6895.0 7.211-2 6.811-2 6.567-2 6.496-2 6.595-2 6.782-2 7.003-2 7.202-2 7.387-2 7.997-2 8.495-2
6906.5 5.820-2 5.771-2 5.658-2 5.487-2 5.304-2 5.151-2 5.051-2 5.002-2 4.996-2 5.208-2 5.691-2
6907.8 4.027-2 3.479-2 2.949-2 2.504-2 2.174-2 1.952-2 1.816-2 1.742-2 1.709-2 1.770-2 1.996-2
6910.5 6.171-2 5.500-2 4.831-2 4.248-2 3.798-2 3.485-2 3.290-2 3.183-2 3.138-2 3.258-2 3.648-2
7089.4 1.671-3 1.588-3 1.562-3 1.594-3 1.672-3 1.767-3 1.862-3 1.937-3 2.000-3 2.199-3 2.379-3
7106.6 1.075-3 1.169-3 1.274-3 1.380-3 1.478-3 1.560-3 1.626-3 1.672-3 1.706-3 1.800-3 1.907-3
7110.0 3.043-3 3.136-3 3.375-3 3.746-3 4.184-3 4.598-3 4.925-3 5.167-3 5.334-3 5.638-3 5.817-3
7125.0 1.678-3 2.081-3 2.673-3 3.413-3 4.191-3 4.879-3 5.407-3 5.770-3 6.004-3 6.336-3 6.429-3
7128.8 1.902-3 1.819-3 1.772-3 1.767-3 1.798-3 1.845-3 1.889-3 1.928-3 1.960-3 2.043-3 2.121-3
7144.4 9.664-3 9.409-3 9.280-3 9.281-3 9.418-3 9.624-3 9.852-3 1.006-2 1.026-2 1.094-2 1.166-2
7151.1 2.689-3 3.503-3 4.666-3 6.096-3 7.582-3 8.889-3 9.886-3 1.057-2 1.101-2 1.161-2 1.174-2
7156.0 1.953-3 2.553-3 3.426-3 4.510-3 5.644-3 6.647-3 7.414-3 7.941-3 8.281-3 8.758-3 8.878-3
7167.8 1.741-3 1.658-3 1.597-3 1.567-3 1.569-3 1.589-3 1.617-3 1.645-3 1.672-3 1.771-3 1.904-3
7182.0 4.175-3 4.065-3 4.009-3 4.010-3 4.069-3 4.158-3 4.256-3 4.347-3 4.431-3 4.728-3 5.036-3
7202.3 2.284-3 2.174-3 2.095-3 2.056-3 2.058-3 2.085-3 2.121-3 2.158-3 2.193-3 2.323-3 2.497-3
7229.2 9.013-3 8.091-3 7.223-3 6.514-3 6.011-3 5.692-3 5.515-3 5.433-3 5.415-3 5.645-3 6.175-3
3p(2SJ/2) - 3 s ( 2P f/2) 
6g(4q i/2) -  4f(4F°/2)
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nsition A (A) 2 2.25 2.5 2.75
Log N e (cm 
3 3.25
-*)
3.5 3.75 4 5 6
-  3d(4P e3/2) 7252.6 5.444-3 5.403-3 5.306-3 5.156-3 4.997-3 4.865-3 4.782-3 4.743-3 4.742-3 4.939-3 5.330-3
- 3 d ( 4De3/2) 7277.4 2.041-3 1.943-3 1.872-3 1.837-3 1.839-3 1.863-3 1.895-3 1.928-3 1.959-3 2.076-3 2.231-3
-  3d(4De5/2) 7278.4 1.500-3 1.428-3 1.376-3 1.350-3 1.352-3 1.369-3 1.393-3 1.417-3 1.440-3 1.525-3 1.640-3
— 3d(2Dg/2) 7280.1 1.186-3 1.335-3 1.574-3 1.885-3 2.221-3 2.524-3 2.758-3 2.923-3 3.032-3 3.196-3 3.252-3
-  3d(4P j/2) 7287.9 1.766-3 1.752-3 1.721-3 1.672-3 1.621-3 1.578-3 1.551-3 1.538-3 1.538-3 1.602-3 1.729-3
- 3 d ( 4De3/2) 7292.1 1.871-3 1.822-3 1.797-3 1.797-3 1.824-3 1.863-3 1.908-3 1.948-3 1.986-3 2.119-3 2.257-3
- 3 d ( 4D^/2) 7293.0 6.282-3 6.117-3 6.033-3 6.034-3 6.122-3 6.256-3 6.405-3 6.540-3 6.667-3 7.114-3 7.578-3
"  3d{4De7/2) 7296.2 2.195-2 2.137-2 2.107-2 2.108-2 2.139-2 2.185-2 2.237-2 2.285-2 2.329-2 2.485-2 2.647-2
-  3d(4D^/2) 7346.3 3.789-3 3.761-3 3.693-3 3.588-3 3.478-3 3.386-3 3.328-3 3.301-3 3.300-3 3.438-3 3.710-3
- 3 d ( 4D^/2) 7364.9 2.693-3 2.672-3 2.624-3 2.550-3 2.471-3 2.406-3 2.365-3 2.346-3 2.345-3 2.443-3 2.636-3
— 3d(4Dg/2) 7527.1 1.118-3 1.056-3 1.018-3 1.007-3 1.022-3 1.051-3 1.085-3 1.116-3 1.145-3 1.239-3 1.316-3
-  3d(4D7/2) 7530.5 1.017-2 9.604-3 9.260-3 9.160-3 9.299-3 9.564-3 9.875-3 1.016-2 1.042-2 1.128-2 1.198-2
- 3 d ( 4De3/2) 7598.3 1.748-3 1.733-3 1.699-3 1.648-3 1.593-3 1.547-3 1.517-3 1.502-3 1.500-3 1.564-3 1.709-3
— 3d(4D^/2) 7599.3 2.410-3 2.389-3 2.342-3 2.271-3 2.196-3 2.132-3 2.091-3 2.071-3 2.068-3 2.156-3 2.356-3
— 3d(4D7/2) 7602.8 5.491-3 5.445-3 5.338-3 5.176-3 5.004-3 4.860-3 4.766-3 4.719-3 4.713-3 4.914-3 5.369-3
- 3 d ( 4D*/2) 7628.5 1.773-3 1.581-3 1.388-3 1.221-3 1.092-3 1.002-3 9.455-4 9.148-4 9.018-4 9.363-4 1.048-3
- 3 d ( 4D |/2) 7648.6 2.376-3 2.118-3 1.860-3 1.636-3 1.462-3 1.342-3 1.267-3 1.226-3 1.208-3 1.254-3 1.404-3
-  3d(4D^/2) 7649.6 5.104-3 4.550-3 3.996-3 3.514-3 3.142-3 2.883-3 2.722-3 2.633-3 2.596-3 2.695-3 3.017-3
-  3d(4D*/2) 7656.7 2.195-3 1.896-3 1.607-3 1.365-3 1.185-3 1.064-3 9.900-4 9.495-4 9.314-4 9.650-4 1.088-3
-  3d(4De3/2) 7677.0 3.765-3 3.253-3 2.757-3 2.342-3 2.033-3 1.825-3 1.698-3 1.629-3 1.598-3 1.655-3 1.866-3
— 4p(4D7/2) 8375.8 1.733-3 1.685-3 1.693-3 1.761-3 1.871-3 1.989-3 2.092-3 2.172-3 2.235-3 2.391-3 2.524-3
-  4 P ( X 2) 8403.4 1.541-3 1.575-3 1.592-3 1.606-3 1.622-3 1.641-3 1.658-3 1.678-3 1.698-3 1.787-3 1.938-3
-  4d(4F7/2) 8684.1 2.112-3 1.952-3 1.844-3 1.794-3 1.805-3 1.849-3 1.903-3 1.951-3 1.991-3 2.059-3 2.007-3
-  4d(4F 7/2) 8731.1 6.217-3 5.960-3 5.843-3 5.844-3 5.976-3 6.169-3 6.378-3 6.551-3 6.695-3 6.949-3 6.775-3
Table 6.6: continued
Transition A (A) 2 2.25 2.5 2.75
Log N e (cm 
3 3.25
" 3)
3.5 3.75 4 5 6
5f(4F*/2 -  4d( Fg/2) 8762.4 2.686-3 2.638-3 2.637-3 2.658-3 2.722-3 2.806-3 2.895-3 2.969-3 3.032-3 3.145-3 3.075-3
5f(4G5°/2 -  4d(4F^/2) 8784.3 6.224-3 6.969-3 7.355-3 7.328-3 7.016-3 6.613-3 6.263-3 6.017-3 5.867-3 5.789-3 6.094-3
5f(4G?/2 — 4d(4F |/2) 8788.8 8.465-3 9.449-3 9.950-3 9.904-3 9.480-3 8.940-3 8.474-3 8.142-3 7.936-3 7.795-3 8.151-3
5f(4G?1/2) -  4d(4Fg/2) 8820.0 3.104-2 2.883-2 2.736-2 2.665-2 2.677-2 2.736-2 2.815-2 2.886-2 2.947-2 3.065-2 2.991-2
5f(4G?/2 -  4d(4F^/2) 8822.1 4.477-3 4.975-3 5.222-3 5.185-3 4.955-3 4.667-3 4.419-3 4.244-3 4.135-3 4.061-3 4.246-3
5f(4G*/2 -  4d(4F^/2) 8823.6 1.389-3 1.556-3 1.642-3 1.636-3 1.566-3 1.476-3 1.398-3 1.343-3 1.310-3 1.292-3 1.360-3
5f(4G‘/2 -  4d(4Fe7/2) 8861.8 1.825-2 2.033-2 2.136-2 2.122-2 2.029-2 1.912-2 1.810-2 1.738-2 1.693-2 1.659-2 1.731-2
5f(4G°/2 -  4d(4F 7/2) 8894.1 1.364-3 1.515-3 1.590-3 1.579-3 1.509-3 1.422-3 1.346-3 1.293-3 1.260-3 1.237-3 1.293-3
5f(4F*/2 - 4 d ( 4D^/2) 8997.6 2.219-3 2.051-3 1.939-3 1.885-3 1.896-3 1.943-3 2.002-3 2.055-3 2.099-3 2.182-3 2.149-3
5 f ( 4 F ? /2 "  4d(4D^/2) 8997.9 1.793-3 1.823-3 1.880-3 1.931-3 1.998-3 2.070-3 2.139-3 2.194-3 2.240-3 2.324-3 2.286-3
5f(4F?/2 -  4d(4Dg/2) 9009.9 3.033-3 2.803-3 2.648-3 2.576-3 2.592-3 2.655-3 2.733-3 2.802-3 2.859-3 2.957-3 2.882-3
5 f ( 4 F 5 /2 -  4d(4De3/2) 9021.1 1.217-3 1.211-3 1.221-3 1.236-3 1.265-3 1.300-3 1.336-3 1.365-3 1.388-3 1.426-3 1.387-3
5f(4Fg/2 -  4d(4D^/2) 9026.1 1.178-3 1.199-3 1.236-3 1.269-3 1.313-3 1.360-3 1.406-3 1.442-3 1.472-3 1.528-3 1.503-3
5f(4Dg/2 ~ 4 d ( % 2) 9155.5 5.048-3 5.657-3 5.984-3 5.983-3 5.757-3 5.457-3 5.196-3 5.009-3 4.893-3 4.808-3 4.995-3
5f(4Fg/2 "  4d(4P e5/2) 9182.4 1.311-3 1.212-3 1.146-3 1.114-3 1.121-3 1.148-3 1.183-3 1.214-3 1.240-3 1.289-3 1.270-3
5f(4F?/2 -  4d(4P^/2) 9182.5 1.217-2 1.125-2 1.063-2 1.034-2 1.040-2 1.065-2 1.097-2 1.124-2 1.147-2 1.187-2 1.157-2
5f(4Dg/2 "  4d(4D^/2) 9183.5 5.236-3 5.854-3 6.187-3 6.187-3 5.959-3 5.656-3 5.393-3 5.204-3 5.088-3 5.003-3 5.189-3
5F(4Fg/2 -  4d(4Pg/2) 9206.8 3.217-3 3.200-3 3.227-3 3.267-3 3.343-3 3.435-3 3.530-3 3.606-3 3.668-3 3.769-3 3.664-3
5f(4Gg/2 -  4d(4D*3/2) 9225.0 1.529-3 1.712-3 1.807-3 1.801-3 1.724-3 1.625-3 1.539-3 1.478-3 1.442-3 1.422-3 1.497-3
5f(4G?/2 -  4d(4D |/2) 9236.2 6.777-3 7.530-3 7.904-3 7.848-3 7.500-3 7.064-3 6.690-3 6.424-3 6.260-3 6.147-3 6.427-3
5f(4F?/2 -  4d(4P e3/2) 9238.6 3.736-3 3.717-3 3.748-3 3.794-3 3.883-3 3.990-3 4.099-3 4.188-3 4.260-3 4.377-3 4.255-3
5f(4Fg/2 -  4d(4P^/2) 9243.9 1.149-3 1.168-3 1.205-3 1.237-3 1.280-3 1.326-3 1.371-3 1.406-3 1.435-3 1.489-3 1.465-3
5f(4D*/2 -  4d(4P^/2) 9298.6 2.652-3 2.609-3 2.638-3 2.684-3 2.784-3 2.906-3 3.029-3 3.125-3 3.201-3 3.316-3 3.199-3
5f(4D*/2 -  4d(4P?/2) 9316.5 1.800-3 1.770-3 1.789-3 1.821-3 1.889-3 1.972-3 2.055-3 2.120-3 2.172-3 2.250-3 2.170-3
Table 6.6: continued
Transition
5f(4D°/2) -  4d(4P*/2 
5f(4D°/2) - 4 d ( 4P '/2 
5f(4D |/2) -  4d(4P | /2 
5f(4D |/2) -  4d(4P 2/2 
5f(4G?/2) -  4d(4P j/2 
5f(4F?/2) -  4d(4D?/2 
5f(4F»/2) -  4d(4D2/2 
5f(4G»/2) -  4d(4D2/2 
5g(4G '/2) -  4f(4D?/2 
5g(4Gf/2) -  4f(4D»/2 
5g(4G2/2) — 4f(4D°/2 
5f(4G»/2) -  4d(4D*/2 
5g(4G j1/2) -  4f(4G°/2) 
5g(4G |/2) -  4f(4Gg/2 
5g(4G‘/2) -  4f(4D»/2 
5g(4G*/2) - 4 f ( 4G°/2 
5g(4G?/2) -  4f(4D“/2 
5g(4G |/2) -  4f(4D°/2 
5g(4G '/2) -  4f(4D°/2 
5g(4G?/2) -  4f(4D»/2 
5g(4G |/2) -  4f(4D°/2 
5g(4G |/2) -  4f(4D°/2 
5g(4G |/2) -  4f(4G j/2 
5g(4G7/2) -  4f(4G°/2
A(A) 2.25 2.5 2.75







































































































































































































































































































Transition A (A) 2 2.25 2.5 2.75
Log N e (cm 
3 3.25
- 3)
3.5 3.75 4 5 6
9950.8 2.162-2 2.053-2 1.960-2 1.859-2 1.791-2 1.749-2 1.731-2 1.709-2 1.684-2 1.479-2 1.176-2
9956.8 2.606-2 2.262-2 1.955-2 1.751-2 1.624-2 1.551-2 1.512-2 1.483-2 1.455-2 1.268-2 1.004-2
9959.3 1.136-1 1.229-1 1.252-1 1.204-1 1.115-1 1.018-1 9.384-2 8.733-2 8.239-2 7.076-2 6.392-2
9962.6 1.703-1 1.844-1 1.880-1 1.808-1 1.674-1 1.529-1 1.409-1 1.311-1 1.236-1 1.058-1 9.499-2
9962.6 4.772-3 5.163-3 5.260-3 5.059-3 4.685-3 4.278-3 3.942-3 3.669-3 3.461-3 2.973-3 2.685-3
9982.4 3.241-1 2.917-1 2.643-1 2.425-1 2.289-1 2.213-1 2.181-1 2.149-1 2.116-1 1.860-1 1.482-1
9982.5 4.282-3 3.853-3 3.500-3 3.215-3 3.039-3 2.941-3 2.902-3 2.861-3 2.816-3 2.467-3 1.952-3
9988.5 2.763-1 2.486-1 2.258-1 2.074-1 1.961-1 1.898-1 1.872-1 1.846-1 1.817-1 1.592-1 1.259-1
9989.6 8.418-2 9.148-2 9.354-2 9.022-2 8.376-2 7.666-2 7.076-2 6.595-2 6.229-2 5.348-2 4.802-2
9990.3 1.163-1 1.260-1 1.285-1 1.237-1 1.146-1 1.048-1 9.667-2 9.002-2 8.494-2 7.266-2 6.499-2
9990.5 5.892-3 6.403-3 6.548-3 6.315-3 5.863-3 5.366-3 4.953-3 4.616-3 4.360-3 3.743-3 3.361-3
10008.8 4.121-3 4.451-3 4.528-3 4.350-3 4.027-3 3.677-3 3.388-3 3.153-3 2.974-3 2.544-3 2.279-3
10008.8 2.276-1 2.458-1 2.499-1 2.399-1 2.220-1 2.026-1 1.867-1 1.737-1 1.638-1 1.404-1 1.260-1
10010.8 1.783-1 1.926-1 1.959-1 1.883-1 1.742-1 1.591-1 1.466-1 1.364-1 1.287-1 1.101-1 9.862-2
10030.8 1.007-2 1.091-2 1.112-2 1.069-2 9.904-3 9.044-3 8.333-3 7.754-3 7.313-3 6.262-3 5.620-3
10032.8 1.375-3 1.489-3 1.518-3 1.460-3 1.352-3 1.235-3 1.137-3 1.058-3 9.982-4 8.547-4 7.671-4
10032.8 6.097-3 6.597-3 6.721-3 6.464-3 5.986-3 5.467-3 5.037-3 4.688-3 4.423-3 3.799-3 3.431-3
10073.9 5.738-2 5.626-2 5.560-2 5.349-2 5.192-2 5.087-2 5.041-2 4.972-2 4.888-2 4.252-2 3.374-2
10077.9 9.996-2 9.792-2 9.645-2 9.250-2 8.916-2 8.657-2 8.510-2 8.338-2 8.161-2 7.081-2 5.634-2
10078.1 6.933-3 6.797-3 6.718-3 6.462-3 6.273-3 6.147-3 6.091-3 6.007-3 5.906-3 5.138-3 4.076-3
10097.2 8.830-3 7.664-3 6.624-3 5.932-3 5.502-3 5.256-3 5.125-3 5.027-3 4.931-3 4.297-3 3.404-3
10098.5 1.357-1 1.314-1 1.287-1 1.232-1 1.192-1 1.167-1 1.157-1 1.141-1 1.123-1 9.824-2 7.785-2
10101.7 1.161-3 1.129-3 1.119-3 1.078-3 1.050-3 1.032-3 1.026-3 1.013-3 9.961-4 8.617-4 6.736-4




















































Transition A (i) 2 2.25 2.5 2.75
Log N e (cm 
3 3.25
-*)
3.5 3.75 4 5 6
5g(4Gg/2) -  4f(4Fg/2) 10110.3 3.582-3 3.109-3 2.687-3 2.406-3 2.232-3 2.132-3 2.079-3 2.039-3 2.000-3 1.743-3 1.381-3
5g(4q i /2) -  4f(4Fg/2) 10110.3 1.880-1 1.786-1 1.705-1 1.617-1 1.558-1 1.522-1 1.506-1 1.487-1 1.464-1 1.286-1 1.023-1
5g(4G€9/2) -  4f(4F«/2) 10111.5 2.856-2 2.766-2 2.709-2 2.593-2 2.511-2 2.457-2 2.436-2 2.403-2 2.365-2 2.068-2 1.639-2
5g(4Ge7/2) — 4f(4F 7/2) 10114.0 2.988-2 2.928-2 2.883-2 2.765-2 2.666-2 2.588-2 2.544-2 2.493-2 2.440-2 2.117-2 1.684-2
5g(4Ge5/2) -  4f(4F7/2) 10114.2 1.348-3 1.322-3 1.307-3 1.257-3 1.220-3 1.195-3 1.185-3 1.168-3 1.149-3 9.993-4 7.928-4
5g(4Ge7/2) ~ 4f(4Fg/2) 10116.7 6.386-3 6.256-3 6.161-3 5.909-3 5.696-3 5.530-3 5.436-3 5.326-3 5.214-3 4.524-3 3.599-3
5g(4G^/2) ~ 4 f(4F*/2) 10116.9 1.557-2 1.527-2 1.509-2 1.451-2 1.409-2 1.380-2 1.368-2 1.349-2 1.327-2 1.154-2 9.154-3
Sg^Gg/,) -  4f(4F?/2) 10117.7 2.129-1 1.848-1 1.597-1 1.431-1 1.327-1 1.263-1 1.236-1 1.212-1 1.189-1 1.036-1 8.208-2
S g ^ G ^ ) -  4f(4F 7/2) 10119.0 9.758-3 9.449-3 9.256-3 8.859-3 8.578-3 8.395-3 8.323-3 8.210-3 8.078-3 7.066-3 5.600-3
5g(4Ge7/2) -  4f(4Fg/2) 10127.1 1.538-3 1.507-3 1.484-3 1.423-3 1.372-3 1.332-3 1.309-3 1.283-3 1.256-3 1.089-3 8.668-4
5g(4G7/2) -  4f(4F 7/2) 10134.6 2.436-3 2.386-3 2.350-3 2.254-3 2.173-3 2.110-3 2.074-3 2.032-3 1.989-3 1.726-3 1.373-3
5g(4G^/2) — 4f(4F7/2) 10142.3 1.378-3 . 1.339-3 1.328-3 1.279-3 1.246-3 1.224-3 1.218-3 1.202-3 1.182-3 1.022-3 7.991-4
5g(4G^/2) -  4f(4Fg/2) 10267.6 1.846-2 2.006-2 2.051-2 1.978-2 1.837-2 1.681-2 1.552-2 1.446-2 1.366-2 1.173-2 1.053-2
5g(4Ge7/2) — 4f(4F®/2) 10271.7 2.606-2 2.823-2 2.879-2 2.771-2 2.569-2 2.349-2 2.166-2 2.017-2 1.904-2 1.628-2 1.456-2
5g(4Ge5/2) -  4f(4F«/2) 10272.0 1.216-3 1.321-3 1.351-3 1.303-3 1.210-3 1.107-3 1.022-3 9.523-4 8.994-4 7.723-4 6.934-4
5g(4q 1/2) -  4f(4Fg/2) 10327.6 1.162-2 1.256-2 1.277-2 1.226-2 1.134-2 1.035-2 9.536-3 8.874-3 8.370-3 7.171-3 6.440-3
5g(4Gg/2) -  4f(4F 7/2) 10335.4 9.233-3 9.973-3 1.015-2 9.747-3 9.023-3 8.238-3 7.591-3 7.064-3 6.663-3 5.699-3 5.106-3
^g(4Gg/2) — 4f(4F 7/2) 10337.4 2.129-3 2.306-3 2.350-3 2.261-3 2.094-3 1.912-3 1.761-3 1.639-3 1.546-3 1.324-3 1.188-3
5g(4Ge7/2) -  4f(4F°/2) 10340.2 1.306-3 1.414-3 1.440-3 1.385-3 1.283-3 1.171-3 1.079-3 1.004-3 9.477-4 8.140-4 7.352-4
5g(4Ge9/2) — 4f(4Fg/2) 10351.1 1.879-3 2.035-3 2.074-3 1.995-3 1.848-3 1.687-3 1.554-3 1.446-3 1.364-3 1.168-3 1.048-3
5g(4G7/2) — 4f(4F 7/2) 10358.9 1.365-3 1.477-3 1.505-3 1.447-3 1.340-3 1.224-3 1.128-3 1.050-3 9.902-4 8.505-4 7.682-4
4d(<D*/2) -  4p(4D?/2) 10970.2 2.206-3 2.099-3 1.974-3 1.844-3 1.728-3 1.639-3 1.580-3 1.547-3 1.535-3 1.589-3 1.744-3
4d(4D^/2) - 4 p ( 4D^/2) 11010.4 9.079-3 7.945-3 6.858-3 5.950-3 5.279-3 4.831-3 4.561-3 4.417-3 4.356-3 4.503-3 4.987-3
4d(4DJ/2) -  4p(4D°/2) 11012.1 1.250-3 1.295-3 1.310-3 1.290-3 1.249-3 1.207-3 1.175-3 1.158-3 1.153-3 1.200-3 1.287-3
203
Table 6.6: continued
Transition MA) 2 2.25 2.5 2.75
Log N e (cm 
3 3.25
- 3)
3.5 3.75 4 5 6
^ 1,2 - 4p (4d ?/2) 11015.4 3.682-3 3.522-3 3.409-3 3.357-3 3.366-3 3.411-3 3.472-3 3.532-3 3.591-3 3.807-3 4.078-3
4d(4D*3/2 ~ 4p< X 2) 11028.5 2.730-3 2.597-3 2.442-3 2.282-3 2.139-3 2.028-3 1.955-3 1.915-3 1.900-3 1.966-3 2.158-3
4d(4DJ/2 -  4p (4d ?/2) 11070.9 1.210-3 1.253-3 1.268-3 1.249-3 1.209-3 1.168-3 1.138-3 1.120-3 1.116-3 1.161-3 1.246-3
4d(4Dg/2 - 4p (4d °5/2) 11116.4 1.820-2 1.593-2 1.375-2 1.193-2 1.058-2 9.686-3 9.144-3 8.855-3 8.734-3 9.028-3 9.999-3
4d{4D l , 2 - 4p (4d 5°/2) 11134.9 2.437-3 2.319-3 2.180-3 2.037-3 1.909-3 1.811-3 1.745-3 1.710-3 1.696-3 1.756-3 1.927-3
4d{4Dg/2 - 4p (4d ?/2) 11274.5 1.953-3 1.709-3 1.475-3 1.280-3 1.135-3 1.039-3 9.810-4 9.499-4 9.370-4 9.685-4 1.073-3
4d(4P^/2 -  4P(4p?/2) 11331.7 1.634-3 1.624-3 1.627-3 1.638-3 1.663-3 1.693-3 1.727-3 1.757-3 1.787-3 1.896-3 2.038-3
4d{4Pg/2 -  4p(4s30/2) 11343.3 6.171-3 5.903-3 5.714-3 5.627-3 5.642-3 5.718-3 5.820-3 5.921-3 6.019-3 6.381-3 6.836-3
4d(4P l , 2 -  4p<4pg/2) 11508.6 5.583-3 5.551-3 5.560-3 5.598-3 5.681-3 5.787-3 5.900-3 6.005-3 6.105-3 6.480-3 6.964-3
4d(4P f/2 -  4P(4P3/2) 11517.8 1.780-2 1.699-2 1.652-2 1.636-2 1.657-2 1.698-2 1.744-2 1.787-2 1.825-2 1.953-2 2.096-2
4 d ( 4 P 3 /2 4p(4p^/2) 11545.2 1.080-2 1.073-2 1.075-2 1.083-2 1.099-2 1.119-2 1.141-2 1.161-2 1.180-2 1.253-2 1.347-2
4 d ( 4 P 5 /2 - 4p(4p?/2) 11558.4 4.555-2 4.357-2 4.218-2 4.153-2 4.164-2 4.220-2 4.295-2 4.370-2 4.442-2 4.710-2 5.045-2
4 d ( 4 p I / 2 -  4P(4P3/2) 11595.3 1.450-2 1.387-2 1.343-2 1.322-2 1.326-2 1.344-2 1.368-2 1.392-2 1.415-2 1.500-2 1.607-2
4d(4D*/2 -  4p(4s?/2) 11618.3 8.567-2 7.497-2 6.471-2 5.614-2 4.981-2 4.559-2 4.304-2 4.168-2 4.111-2 4.249-2 4.706-2
4d(4D^/2 -  4p ( % 2) 11638.6 9.880-3 9.399-3 8.840-3 8.259-3 7.740-3 7.340-3 7.075-3 6.930-3 6.875-3 7.116-3 7.810-3
4d(4Fy/2 -  4P(4Dg/2) 11656.0 9.603-2 9.922-2 1.006-1 9.964-2 9.741-2 9.500-2 9.327-2 9.236-2 9.223-2 9.624-2 1.056-1
4 d ( 4 F 5 /2 - 4p (4d /^2) 11663.0 1.201-1 1.081-1 9.571-2 8.460-2 7.574-2 6.940-2 6.538-2 6.314-2 6.217-2 6.465-2 7.282-2
4 d ( 4 F 3 /2 - 4p (4d ?/2) 11666.2 7.989-2 6.859-2 5.769-2 4.858-2 4.182-2 3.727-2 3.450-2 3.297-2 3.228-2 3.347-2 3.794-2
4 d ( 4 D 3 /2 -  4p(4p?/2) 11677.1 1.421-2 1.352-2 1.271-2 1.188-2 1.113-2 1.056-2 1.018-2 9.966-3 9.887-3 1.023-2 1.123-2
4d(4Fg/2 - 4 p ( 4 D ° 7 /2 ) 11677.4 1.347-1 1.253-1 1.192-1 1.169-1 1.184-1 1.219-1 1.262-1 1.302-1 1.339-1 1.460-1 1.548-1
4d(4D®/2 -  4p(4p?/2) 11724.6 8.678-3 8.989-3 9.095-3 8.955-3 8.674-3 8.378-3 8.160-3 8.037-3 8.004-3 8.328-3 8.936-3
4d(4F*/2 - 4p (4d 3°/2) 11732.2 2.802-2 2.406-2 2.023-2 1.704-2 1.467-2 1.307-2 1.210-2 1.157-2 1.132-2 1.174-2 1.331-2
4d(4Fg/2 - 4p ( X 2) 11782.0 3.072-2 2.763-2 2.448-2 2.164-2 1.937-2 1.775-2 1.672-2 1.615-2 1.590-2 1.653-2 1.862-2
4d<4F?/2 - 4p (4d ?/2) 11829.9 1.117-2 1.154-2 1.169-2 1.159-2 1.133-2 1.105-2 1.085-2 1.074-2 1.073-2 1.119-2 1.228-2
Table 6.6: continued
Transition A (A) 2 2.25 2.5 2.75
Log N e (cm 
3 3.25
“ 3)
3.5 3.75 4 5 6
11882.8 1.131-2 9.894-3 8.540-3 7.409-3 6.574-3 6.016-3 5.680-3 5.500-3 5.425-3 5.608-3 6.210-3
11904.0 2.420-3 2.302-3 2.165-3 2.022-3 1.896-3 1.797-3 1.733-3 1.697-3 1.684-3 1.743-3 1.913-3
12499.7 2.058-3 2.121-3 2.283-3 2.534-3 2.830-3 3.110-3 3.332-3 3.495-3 3.608-3 3.814-3 3.935-3
12944.5 3.479-3 3.387-3 3.341-3 3.341-3 3.390-3 3.464-3 3.547-3 3.622-3 3.692-3 3.939-3 4.197-3
13016.7 3.754-3 3.611-3 3.438-3 3.269-3 3.119-3 3.005-3 2.912-3 2.868-3 2.846-3 2.843-3 2.990-3
13035.1 4.526-3 5.094-3 6.006-3 7.194-3 8.477-3 9.634-3 1.053-2 1.116-2 1.157-2 1.220-2 1.241-2
13043.9 3.093-3 2.777-3 2.479-3 2.236-3 2.063-3 1.953-3 1.893-3 1.865-3 1.858-3 1.937-3 2.119-3
13172.8 4.447-3 4.234-3 4.080-3 4.004-3 4.008-3 4.060-3 4.131-3 4.202-3 4.270-3 4.524-3 4.863-3
13175.9 4.932-3 4.894-3 4.806-3 4.670-3 4.526-3 4.407-3 4.332-3 4.296-3 4.295-3 4.474-3 4.828-3
13220.8 1.664-2 1.620-2 1.598-2 1.598-2 1.622-2 1.657-2 1.696-2 1.732-2 1.766-2 1.884-2 2.007-2
13225.3 4.165-3 3.739-3 3.338-3 3.010-3 2.778-3 2.630-3 2.549-3 2.511-3 2.502-3 2.609-3 2.854-3
13542.0 1.195-3 1.144-3 1.119-3 1.123-3 1.152-3 1.192-3 1.232-3 1.266-3 1.295-3 1.378-3 1.435-3
13596.3 1.236-3 1.533-3 1.968-3 2.514-3 3.086-3 3.593-3 3.981-3 4.249-3 4.421-3 4.666-3 4.734-3
13693.7 1.450-3 1.888-3 2.516-3 3.286-3 4.087-3 4.792-3 5.330-3 5.698-3 5.934-3 6.257-3 6.328-3
13710.3 1.626-3 2.125-3 2.852-3 3.755-3 4.699-3 5.534-3 6.172-3 6.612-3 6.894-3 7.292-3 7.392-3
13906.0 2.065-2 1.840-2 1.616-2 1.421-2 1.271-2 1.166-2 1.101-2 1.065-2 1.050-2 1.090-2 1.220-2
13941.9 2.837-2 2.814-2 2.758-2 2.675-2 2.586-2 2.511-2 2.462-2 2.438-2 2.435-2 2.539-2 2.774-2
13999.9 1.680-2 1.452-2 1.231-2 1.045-2 9.073-3 8.145-3 7.579-3 7.269-3 7.131-3 7.388-3 8.330-3
14010.8 3.790-2 3.580-2 3.451-2 3.414-2 3.466-2 3.565-2 3.681-2 3.785-2 3.882-2 4.203-2 4.465-2
14112.3 1.533-2 1.366-2 1.200-2 1.055-2 9.434-3 8.657-3 8.172-3 7.907-3 7.795-3 8.093-3 9.060-3
14209.1 2.115-3 1.827-3 1.549-3 1.316-3 1.142-3 1.025-3 9.539-4 9.149-4 8.975-4 9.298-4 1.048-3
14262.8 5.672-3 5.625-3 5.514-3 5.347-3 5.169-3 5.020-3 4.923-3 4.875-3 4.869-3 5.076-3 5.546-3
15020.8 1.162-3 1.192-3 1.217-3 1.232-3 1.241-3 1.248-3 1.256-3 1.264-3 1.274-3 1.339-3 1.452-3
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nsition A (A) 2 2.25 2.5 2.75
Log N e (cm 
3 3.25
- 3)
3.5 3.75 4 5 6
- 4 d ( 4F*/2) 15206.9 6.413-3 5.453-3 4.548-3 3.814-3 3.288-3 2.948-3 2.751-3 2.646-3 2.603-3 2.722-3 3.103-3
-  4d(4F |/2) 15216.1 8.272-3 7.223-3 6.238-3 5.439-3 4.873-3 4.513-3 4.310-3 4.209-3 4.176-3 4.388-3 4.934-3
4d(4F?/2) 15230.8 6.591-3 6.763-3 6.903-3 6.989-3 7.041-3 7.079-3 7.124-3 7.172-3 7.230-3 7.595-3 8.238-3
— 4d(4Dg/2) 15706.9 3.089-3 2.892-3 2.735-3 2.638-3 2.602-3 2.606-3 2.633-3 2.664-3 2.698-3 2.859-3 3.101-3
-  4d(4Pe5/2) 15993.0 2.109-3 2.063-3 2.083-3 2.167-3 2.297-3 2.437-3 2.565-3 2.665-3 2.746-3 2.976-3 3.169-3
— 4d(2D^/2) 17233.2 1.111-3 1.279-3 1.535-3 1.860-3 2.208-3 2.518-3 2.759-3 2.926-3 3.034-3 3.205-3 3.287-3
- 5 f ( 4D*/2) 17827.1 1.227-3 1.209-3 1.199-3 1.185-3 1.181-3 1.185-3 1.195-3 1.201-3 1.204-3 1.157-3 1.021-3
- 5 f ( 4G*/2) 18278.7 1.163-3 1.342-3 1.437-3 1.438-3 1.373-3 1.286-3 1.210-3 1.150-3 1.108-3 1.034-3 1.010-3
-  5f(4G?/2) 18284.3 1.512-3 1.744-3 1.867-3 1.867-3 1.783-3 1.670-3 1.570-3 1.493-3 1.439-3 1.342-3 1.311-3
-  5«4DS/2) 18287.1 8.190-3 8.518-3 9.061-3 9.399-3 9.796-3 1.019-2 1.056-2 1.080-2 1.096-2 1.069-2 9.359-3
- 5 f(4q i/2) 18309.3 2.325-3 2.327-3 2.366-3 2.391-3 2.445-3 2.511-3 2.581-3 2.630-3 2.665-3 2.619-3 2.328-3
-  5f(4G«/2) 18327.4 2.954-3 2.619-3 2.350-3 2.194-3 2.134-3 2.131-3 2.154-3 2.181-3 2.201-3 2.152-3 1.914-3
- 5 f ( 4G5°/2) 18332.5 1.365-2 1.594-2 1.724-2 1.737-2 1.669-2 1.571-2 1.483-2 1.417-2 1.372-2 1.306-2 1.304-2
- 5 f ( 4G?/2) 18338.7 2.284-2 2.628-2 2.808-2 2.804-2 2.675-2 2.504-2 2.354-2 2.238-2 2.157-2 2.012-2 1.967-2
-  5« 4G?1/2) 18368.5 3.863-2 3.538-2 3.305-2 3.167-2 3.134-2 3.162-2 3.221-2 3.271-2 3.309-2 3.259-2 2.919-2
-  5f(4^ /2) 18385.9 2.955-2 2.697-2 2.523-2 2.429-2 2.421-2 2.459-2 2.520-2 2.568-2 2.604-2 2.568-2 2.286-2
"  5f(4G«/2) 18432.6 3.009-2 3.433-2 3.645-2 3.625-2 3.450-2 3.225-2 3.030-2 2.880-2 2.775-2 2.589-2 2.531-2
-  5f(4D®/2) 18439.5 1.173-2 1.354-2 1.450-2 1.451-2 1.385-2 1.298-2 1.220-2 1.160-2 1.118-2 1.043-2 1.018-2
- 5 f ( 4G?/2) 18439.7 2.239-2 2.576-2 2.752-2 2.748-2 2.622-2 2.455-2 2.308-2 2.195-2 2.116-2 1.976-2 1.934-2
- 5 f ( 4D*/2) 18443.5 1.645-2 1.898-2 2.032-2 2.032-2 1.940-2 1.817-2 1.709-2 1.625-2 1.566-2 1.460-2 1.426-2
- 5 f ( 4F°/2) 18451.3 5.613-3 5.882-3 6.267-3 6.523-3 6.818-3 7.111-3 7.386-3 7.575-3 7.706-3 7.626-3 6.826-3
— 5f(4F®/2) 18472.8 1.425-2 1.405-2 1.393-2 1.376-2 1.372-2 1.377-2 1.389-2 1.396-2 1.399-2 1.345-2 1.186-2
— 5f(4Gg/2) 18477.5 1.426-3 1.641-3 1.753-3 1.751-3 1.670-3 1.564-3 1.470-3 1.397-3 1.347-3 1.256-3 1.228-3





































Transition A (i) 2 2.25 2.5 2.75
Log N e (cm 
3 3.25
- 3)
3.5 3.75 4 5 6
6g(4^ /2) — 5f(4F7/2) 18539.0 1.486-2 1.492-2 1.523-2 1.538-2 1.570-2 1.609-2 1.652-2 1.681-2 1.701-2 1.665-2 1.477-2
6g(4q 1/2) - 18562.6 2.094-2 2.096-2 2.131-2 2.154-2 2.202-2 2.262-2 2.325-2 2.369-2 2.401-2 2.359-2 2.097-2
6g(4Ge9/2) -  5f(4F?/2) 18564.7 3.423-3 3.437-3 3.509-3 3.543-3 3.617-3 3.707-3 3.806-3 3.872-3 3.917-3 3.835-3 3.403-3
6g(4G5/2) — 5f(4F£/2) 18571.2 1.518-3 1.591-3 1.695-3 1.764-3 1.844-3 1.923-3 1.997-3 2.049-3 2.084-3 2.062-3 1.846-3
6g(4Ge7/2) — 5f(4F 7/2) 18571.2 3.926-3 3.870-3 3.836-3 3.791-3 3.779-3 3.792-3 3.825-3 3.844-3 3.854-3 3.704-3 3.267-3
6g(4q /2) -  5f(4F 7/2) 18581.3 2.475-2 2.195-2 1.969-2 1.838-2 1.788-2 1.786-2 1.805-2 1.827-2 1.844-2 1.803-2 1.604-2
6g(4Gg/2) -  5f(4F7/2) 18582.2 1.208-3 1.213-3 1.238-3 1.250-3 1.276-3 1.308-3 1.343-3 1.367-3 1.383-3 1.354-3 1.201-3
6g(4Ge7/2) -  5f(4F5°/2) 19135.5 1.414-3 1.631-3 1.746-3 1.746-3 1.668-3 1.562-3 1.469-3 1.396-3 1.346-3 1.255-3 1.226-3
6p(4D®/2) -  5d(4F?/2) 28829.0 1.369-3 1.488-3 1.622-3 1.757-3 1.882-3 1.987-3 2.070-3 2.129-3 2.172-3 2.292-3 2.428-3
6p(4D?/2) -  5d(4F^/2) 28885.8 1.882-3 1.789-3 1.760-3 1.795-3 1.884-3 1.991-3 2.097-3 2.182-3 2.253-3 2.477-3 2.680-3
5p(4P?/2) " 5 s ( 4P e5/2) 29482.0 1.327-3 1.298-3 1.311-3 1.363-3 1.445-3 1.533-3 1.614-3 1.677-3 1.728-3 1.873-3 1.994-3
5p (4D?/2) -  5s(4P?/2) 30639.3 1.920-3 1.676-3 1.448-3 1.262-3 1.131-3 1.047-3 1.000-3 9.768-4 9.692-4 1.019-3 1.145-3
M 4d 5°/2) -  5 s (4P ^ /2 ) 30816.9 2.196-3 2.253-3 2.300-3 2.329-3 2.346-3 2.359-3 2.374-3 2.390-3 2.409-3 2.531-3 2.745-3
5p (4D?/2) "  5s(4P^/2) 31090.4 3.001-3 2.842-3 2.770-3 2.790-3 2.890-3 3.024-3 3.162-3 3.277-3 3.376-3 3.700-3 3.989-3
Table 6.7: O II effective recombination coefficients ( x l0 12cm3s x) for strong transitions 
(a ef f  > 1 x lO"15 for some density) at an electron temperature of 10000K under case B.
Transition A {A) 2 2.25 2.5 2.75
Log N e (cm 
3 3.25
- 3)
3.5 3.75 4 5 6
1083.1 9.165-3 8.841-3 8.459-3 8.062-3 7.728-3 7.489-3 7.340-3 7.253-3 7.199-3 7.092-3 6.901-3
1085.0 6.973-3 6.726-3 6.436-3 6.134-3 5.880-3 5.698-3 5.584-3 5.518-3 5.477-3 5.396-3 5.250-3
1086.0 3.760-3 3.627-3 3.470-3 3.307-3 3.171-3 3.072-3 3.011-3 2.976-3 2.953-3 2.910-3 2.831-3
1128.0 1.768-2 1.744-2 1.719-2 1.694-2 1.683-2 1.686-2 1.698-2 1.711-2 1.722-2 1.726-2 1.680-2
1129.2 1.323-2 1.257-2 1.179-2 1.095-2 1.021-2 9.630-3 9.233-3 8.977-3 8.810-3 8.532-3 8.256-3
1130.1 6.875-3 6.780-3 6.681-3 6.585-3 6.542-3 6.552-3 6.599-3 6.653-3 6.694-3 6.710-3 6.529-3
1131.3 3.518-3 3.343-3 3.134-3 2.910-3 2.713-3 2.560-3 2.455-3 2.387-3 2.342-3 2.268-3 2.195-3
1131.9 8.434-3 8.981-3 9.570-3 1.000-2 1.024-2 1.027-2 1.018-2 1.005-2 9.926-3 9.638-3 9.324-3
1132.3 1.041-2 9.888-3 9.269-3 8.608-3 8.025-3 7.573-3 7.261-3 7.059-3 6.928-3 6.709-3 6.492-3
1132.9 1.592-3 1.696-3 1.807-3 1.889-3 1.933-3 1.940-3 1.922-3 1.897-3 1.874-3 1.820-3 1.760-3
1147.2 3.627-3 3.816-3 4.153-3 4.649-3 5.348-3 6.171-3 6.979-3 7.650-3 8.134-3 8.779-3 8.611-3
1151.0 5.037-3 5.579-3 6.142-3 6.589-3 6.827-3 6.853-3 6.747-3 6.600-3 6.467-3 6.208-3 6.025-3
1152.2 4.370-3 4.118-3 3.793-3 3.428-3 3.060-3 2.729-3 2.459-3 2.261-3 2.125-3 1.926-3 1.863-3
1153.3 5.666-3 5.340-3 4.918-3 4.445-3 3.968-3 3.538-3 3.189-3 2.932-3 2.755-3 2.498-3 2.416-3
1154.1 6.204-3 5.652-3 4.981-3 4.272-3 3.621-3 3.089-3 2.694-3 2.422-3 2.246-3 2.005-3 1.944-3
1320.6 2.299-3 2.086-3 1.833-3 1.576-3 1.351-3 1.178-3 1.058-3 9.813-4 9.343-4 8.772-4 8.699-4
1320.9 1.373-3 1.596-3 1.851-3 2.091-3 2.278-3 2.396-3 2.458-3 2.485-3 2.497-3 2.503-3 2.476-3
1321.4 2.403-3 2.138-3 1.823-3 1.503-3 1.225-3 1.011-3 8.640-4 7.692-4 7.116-4 6.418-4 6.376-4
1502.8 1.135-3 1.138-3 1.149-3 1.172-3 1.210-3 1.258-3 1.307-3 1.349-3 1.379-3 1.427-3 1.442-3
1593.4 5.676-3 5.985-3 6.535-3 7.421-3 8.651-3 1.009-2 1.150-2 1.266-2 1.351-2 1.473-2 1.482-2
1594.2 3.448-3 3.413-3 3.431-3 3.555-3 3.813-3 4.170-3 4.551-3 4.881-3 5.126-3 5.495-3 5.573-3
1640.5 1.133-3 1.299-3 1.520-3 1.786-3 2.082-3 2.378-3 2.641-3 2.847-3 2.992-3 3.197-3 3.182-3
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Table 6.7: continued
Transition A (A) 2 2.25 2.5 2.75
Log N e (cm 
3 3.25 3.5 3.75 4 5 6
1650.6 6.563-3 6.067-3 5.457-3 4.805-3 4.190-3 3.670-3 3.271-3 2.989-3 2.804-3 2.559-3 2.517-3
1651.1 5.220-3 5.746-3 6.302-3 6.756-3 7.004-3 7.036-3 6.931-3 6.783-3 6.652-3 6.438-3 6.343-3
1651.9 6.461-3 5.813-3 5.035-3 4.230-3 3.507-3 2.932-3 2.516-3 2.238-3 2.062-3 1.839-3 1.814-3
1652.0 3.209-3 3.497-3 3.989-3 4.736-3 5.755-3 6.935-3 8.081-3 9.032-3 9.724-3 1.074-2 1.075-2
1653.5 5.621-3 5.197-3 4.674-3 4.116-3 3.589-3 3.144-3 2.802-3 2.561-3 2.402-3 2.191-3 2.156-3
1655.5 1.222-3 1.346-3 1.476-3 1.582-3 1.640-3 1.648-3 1.623-3 1.589-3 1.558-3 1.508-3 1.486-3
2433.5 2.942-3 2.794-3 2.617-3 2.438-3 2.280-3 2.159-3 2.075-3 2.020-3 1.986-3 1.950-3 1.970-3
2445.5 2.003-3 2.142-3 2.344-3 2.614-3 2.943-3 3.296-3 3.623-3 3.886-3 4.074-3 4.351-3 4.409-3
2904.2 1.228-3 1.626-3 2.031-3 2.338-3 2.465-3 2.411-3 2.252-3 2.072-3 1.923-3 1.673-3 1.600-3
2905.0 1.521-3 2.028-3 2.546-3 2.940-3 3.108-3 3.051-3 2.859-3 2.640-3 2.458-3 2.150-3 2.060-3
2906.5 3.183-3 3.222-3 3.413-3 3.811-3 4.487-3 5.356-3 6.247-3 7.003-3 7.555-3 8.285-3 8.057-3
2911.7 2.862-3 3.875-3 4.910-3 5.703-3 6.047-3 5.945-3 5.577-3 5.154-3 4.797-3 4.195-3 4.013-3
3005.9 1.573-3 2.069-3 2.575-3 2.959-3 3.119-3 3.057-3 2.864-3 2.646-3 2.463-3 2.156-3 2.064-3
3008.3 1.023-3 1.377-3 1.742-3 2.026-3 2.159-3 2.140-3 2.028-3 1.894-3 1.780-3 1.584-3 1.517-3
3028.7 1.078-3 1.459-3 1.850-3 2.148-3 2.278-3 2.239-3 2.101-3 1.941-3 1.807-3 1.580-3 1.512-3
3129.3 1.915-3 1.996-3 2.072-3 2.120-3 2.123-3 2.083-3 2.022-3 1.963-3 1.914-3 1.838-3 1.797-3
3134.1 4.349-3 3.932-3 3.427-3 2.911-3 2.449-3 2.084-3 1.823-3 1.649-3 1.538-3 1.397-3 1.365-3
3134.7 2.642-3 2.883-3 3.253-3 3.769-3 4.427-3 5.156-3 5.847-3 6.412-3 6.814-3 7.383-3 7.315-3
3138.3 4.321-3 4.504-3 4.676-3 4.785-3 4.790-3 4.699-3 4.563-3 4.429-3 4.320-3 4.148-3 4.056-3
3139.6 4.703-3 4.252-3 3.706-3 3.149-3 2.649-3 2.254-3 1.971-3 1.783-3 1.664-3 1.511-3 1.476-3
3287.4 1.136-3 1.240-3 1.399-3 1.621-3 1.904-3 2.217-3 2.514-3 2.757-3 2.930-3 3.174-3 3.145-3
3289.9 1.217-3 1.268-3 1.317-3 1.347-3 1.349-3 1.323-3 1.285-3 1.247-3 1.216-3 1.168-3 1.142-3
3306.4 2.890-3 2.613-3 2.277-3 1.935-3 1.627-3 1.385-3 1.211-3 1.096-3 1.022-3 9.282-4 9.068-4

























-  3s(4P f/2)
-  3s(4P |/2)
-  3s(4P j/2) 
3s(4P |/2) 
3s(4P^/2)
"  3s(4P |/2)
-  [3P]3s(2P j/2)
-  [3P]3s(2P |/2)
-  3d(4F '/2)










-  3p (4D»/2)
-  3p(4P»/2)
-  3P (4P°/2)






-  3s(4P |/2)
-  3p(4S |/2)
-  3p(4DJ/2)
-  3p(4D |/2)
-  3p(4D“/2)
-  3p(4P*5/2) 
- 3 p ( 4D»/2)
-  3p (4D»/2)
-  p D ^ D ^ )
-  p D l& fD f/j)
-  3s(2P5/2)
-  3s(2P j/2)
-  3s{2P j /2)
-  3s(2P^/2)
-  3d(4F2/2)
-  3d(4F '/2)
-  3P(4D°/2)
-  3p (4D»/2)





A ( i ) 2 2.25 2.5 2.75
Log N e (cm 
3 3.25
- 8)
3.5 3.75 4 5 6
3727.3 2.356-2 2.273-2 2.175-2 2.073-2 1.987-2 1.926-2 1.887-2 1.865-2 1.851-2 1.824-2 1.774-2
3749.5 3.925-2 3.787-2 3.623-2 3.453-2 3.310-2 3.208-2 3.144-2 3.107-2 3.083-2 3.038-2 2.956-2
3762.4 1.568-3 1.635-3 1.697-3 1.737-3 1.739-3 1.706-3 1.656-3 1.608-3 1.568-3 1.506-3 1.472-3
3842.7 2.338-3 2.283-3 2.227-3 2.166-3 2.129-3 2.119-3 2.127-3 2.142-3 2.155-3 2.157-3 2.097-3
3851.0 2.567-3 2.505-3 2.445-3 2.377-3 2.337-3 2.325-3 2.334-3 2.350-3 2.365-3 2.368-3 2.302-3
3856.1 1.008-3 1.175-3 1.365-3 1.525-3 1.642-3 1.708-3 1.736-3 1.742-3 1.740-3 1.715-3 1.667-3
3864.6 2.984-3 2.913-3 2.842-3 2.764-3 2.717-3 2.704-3 2.714-3 2.733-3 2.750-3 2.753-3 2.676-3
3882.1 3.484-3 3.876-3 4.351-3 4.807-3 5.227-3 5.575-3 5.840-3 6.027-3 6.150-3 6.260-3 6.093-3
3907.4 2.887-3 2.639-3 2.337-3 2.019-3 1.727-3 1.491-3 1.315-3 1.195-3 1.117-3 1.008-3 9.767-4
3911.9 2.465-3 2.472-3 2.495-3 2.545-3 2.627-3 2.731-3 2.838-3 2.928-3 2.995-3 3.098-3 3.132-3
3919.2 1.758-3 1.697-3 1.628-3 1.566-3 1.522-3 1.501-3 1.496-3 1.499-3 1.505-3 1.519-3 1.536-3
3945.0 1.440-3 1.508-3 1.623-3 1.803-3 2.046-3 2.326-3 2.597-3 2.820-3 2.971-3 3.160-3 3.042-3
3954.3 4.905-3 4.780-3 4.644-3 4.529-3 4.459-3 4.439-3 4.454-3 4.479-3 4.484-3 4.436-3 4.186-3
3973.2 6.557-3 6.865-3 7.390-3 8.209-3 9.318-3 1.059-2 1.183-2 1.284-2 1.353-2 1.439-2 1.385-2
3982.6 2.399-3 2.337-3 2.271-3 2.214-3 2.181-3 2.171-3 2.178-3 2.190-3 2.192-3 2.169-3 2.047-3
4048.2 1.836-3 1.777-3 1.749-3 1.718-3 1.753-3 1.845-3 1.962-3 2.072-3 2.154-3 2.222-3 2.087-3
4062.9 1.857-3 1.935-3 2.070-3 2.199-3 2.381-3 2.596-3 2.806-3 2.980-3 3.105-3 3.202-3 3.003-3
4069.5 8.390-2 7.632-2 6.706-2 5.722-2 4.811-2 4.059-2 3.495-2 3.104-2 2.850-2 2.501-2 2.427-2
4069.8 8.355-2 8.067-2 7.650-2 7.108-2 6.489-2 5.862-2 5.305-2 4.870-2 4.563-2 4.104-2 3.981-2
4071.2 3.865-3 3.789-3 3.797-3 3.885-3 4.158-3 4.571-3 5.021-3 5.411-3 5.697-3 5.969-3 5.621-3
4072.0 4.128-2 4.958-2 5.841-2 6.568-2 7.004-2 7.134-2 7.058-2 6.905-2 6.759-2 6.460-2 6.278-2
4075.8 3.900-2 3.946-2 4.144-2 4.525-2 5.184-2 6.039-2 6.918-2 7.668-2 8.220-2 8.961-2 8.794-2
4078.8 3.274-2 2.978-2 2.617-2 2.233-2 1.877-2 1.584-2 1.364-2 1.211-2 1.112-2 9.760-3 9.471-3
4083.9 6.904-3 8.652-3 1.035-2 1.156-2 1.195-2 1.157-2 1.076-2 9.902-3 9.197-3 7.914-3 7.397-3

































Transition A (A) 2 2.25 2.5 2.75
Log N e (cm 
3 3.25
- 3)
3.5 3.75 4 5 6
3d(4F |/2 3p (4D?/2) 4085.0 2.625-2 2.534-2 2.403-2 2.233-2 2.038-2 1.842-2 1.667-2 1.530-2 1.433-2 1.289-2 1.250-2
4f(4G\,2 — 3d(4Fg/2) 4087.1 9.243-3 1.053-2 1.170-2 1.239-2 1.236-2 1.167-2 1.067-2 9.694-3 8.921-3 7.587-3 7.114-3
4f(4G°1/2 -  3d(4Fg/2) 4089.2 1.952-2 1.890-2 1.866-2 1.880-2 1.994-2 2.189-2 2.410-2 2.605-2 2.749-2 2.889-2 2.718-2
3d(4F?/2 -  3p(4D°7/2) 4092.8 6.570-3 7.891-3 9.296-3 1.045-2 1.115-2 1.135-2 1.123-2 1.099-2 1.076-2 1.028-2 9.991-3
3d(4F*/2 -  3p(4D5°/2) 4094.1 2.252-3 2.048-3 1.800-3 1.536-3 1.291-3 1.090-3 9.381-4 8.331-4 7.648-4 6.714-4 6.515-4
4f(4G°/2 -  3d(4Fg/2) 4095.6 7.322-3 8.233-3 9.051-3 9.501-3 9.419-3 8.870-3 8.100-3 7.358-3 6.775-3 5.763-3 5.392-3
4f(4G»/2 "  3d(4F^/2) 4096.1 1.592-3 1.813-3 2.016-3 2.135-3 2.129-3 2.011-3 1.838-3 1.670-3 1.537-3 1.307-3 1.225-3
3d(4D |/2 -  3p(4P?/2) 4097.1 6.848-3 6.685-3 6.522-3 6.343-3 6.235-3 6.205-3 6.228-3 6.271-3 6.311-3 6.317-3 6.141-3
4f(4Gg/2 -  3d(4F 7/2) 4097.2 1.334-2 1.711-2 2.082-2 2.345-2 2.437-2 2.367-2 2.206-2 2.031-2 1.887-2 1.624-2 1.517-2
4f(4Dg/2 -  3d{4Fg/2) 4098.5 2.992-2 2.577-2 2.093-2 1.614-2 1.213-2 9.219-3 7.341-3 6.212-3 5.556-3 4.720-3 4.473-3
3d(4Dj/2 -  3p(4P?/2) 4102.9 4.240-3 4.940-3 5.740-3 6.413-3 6.906-3 7.183-3 7.297-3 7.323-3 7.314-3 7.211-3 7.011-3
3d(4Dj/2 -  3p(4P?/2) 4104.7 4.740-3 4.318-3 3.829-3 3.344-3 2.949-3 2.679-3 2.519-3 2.433-3 2,387-3 2.321-3 2.254-3
3d(4D '/2 -  3p(4P?/2) 4105.0 1.488-2 1.452-2 1.417-2 1.378-2 1.355-2 1.348-2 1.353-2 1.363-2 1.371-2 1.373-2 1.334-2
4f(4D?/2 - 3 d ( 4F |/2) 4107.1 1.733-2 1.495-2 1.218-2 9.426-3 7.110-3 5.427-3 4.333-3 3.671-3 3.284-3 2.787-3 2.639-3
4f(4G?/2 -  3d(4F 7/2) 4108.7 1.197-3 1.346-3 1.480-3 1.554-3 1.540-3 1.450-3 1.324-3 1.203-3 1.108-3 9.424-4 8.817-4
3d(4D j/2 -  3p(4P^/2) 4110.8 1.979-3 2.306-3 2.679-3 2.993-3 3.224-3 3.353-3 3.406-3 3.418-3 3.414-3 3.366-3 3.272-3
3d(4D2/2 -  3p(4P 5°/2) 4119.2 1.036-2 1.153-2 1.294-2 1.430-2 1.555-2 1.658-2 1.737-2 1.793-2 1.829-2 1.862-2 1.812-2
3d(4D '/2 - 3 p ( 4P?/2) 4120.2 3.683-3 3.354-3 2.975-3 2.598-3 2.291-3 2.082-3 1.957-3 1.890-3 1.855-3 1.803-3 1.751-3
3d(4D§ -  3p<4P^/2) 4120.5 2.771-3 2.705-3 2.639-3 2.566-3 2.523-3 2.511-3 2.520-3 2.537-3 2.554-3 2.556-3 2.485-3
CO
 
CL to -  3p(4P?/2) 4121.4 1.845-3 2.134-3 2.489-3 2.817-3 3.116-3 3.357-3 3.536-3 3.659-3 3.739-3 3.803-3 3.706-3
^d( ^1/2. "  3p(4P 30/2) 4129.3 2.502-3 2.893-3 3.376-3 3.820-3 4.226-3 4.553-3 4.795-3 4.963-3 5.070-3 5.157-3 5.026-3
3d(4P3/2 -  3p(4P?/2) 4132.7 1.174-2 1.241-2 1.308-2 1.347-2 1.352-2 1.327-2 1.286-2 1.245-2 1.212-2 1.151-2 1.113-2
3d(4P^/2 -  3p(4P 3°/2) 4153.3 3.806-2 3.478-2 3.080-2 2.661-2 2.277-2 1.965-2 1.733-2 1.575-2 1.472-2 1.329-2 1.287-2



























3 p (4P °/2
-  3p(4P?/2)
-  [‘DJSp^FJ/a)
-  [ 'D J S p fF ^ )




-  3d(4D |/2
-  3d(4Dj/2
-  3d(4D®/2
-  3d(4P | /2
-  3d(4D '/2
-  3d(4D '/2
-  3d(4P^/2
-  3d(4P ' /2
-  3d(4P^/2
-  3d(4D®/2
-  3d(4P j/2
-  3d(4P®/2
-  3d(4P j/2
e  
1 /2-  3s(4Pf,
-  3d(4P^/2
-  3s(4P^/2
-  3s(4P e1 /2
A (A) 2 2.25 2.5 2.75
Log N e (cm 
3 3.25
“ 3)
3.5 3.75 4 5 6
4169.2 4.204-2 3.842-2 3.402-2 2.939-2 2.515-2 2.170-2 1.915-2 1.739-2 1.626-2 1.468-2 1.422-2
4185.4 1.094-2 1.094-2 1.124-2 1.206-2 1.349-2 1.537-2 1.732-2 1.899-2 2.022-2 2.203-2 2.229-2
4189.7 2.176-2 2.284-2 2.490-2 2.836-2 3.329-2 3.913-2 4.489-2 4.969-2 5.317-2 5.816-2 5.840-2
4273.1 1.247-3 1.188-3 1.130-3 1.115-3 1.143-3 1.209-3 1.290-3 1.363-3 1.416-3 1.458-3 1.367-3
4275.5 7.725-3 8.050-3 8.613-3 9.149-3 9.909-3 1.080-2 1.167-2 1.240-2 1.292-2 1.332-2 1.250-2
4276.0 3.169-3 2.938-3 2.710-3 2.533-3 2.474-3 2.530-3 2.651-3 2.780-3 2.882-3 2.965-3 2.796-3
4276.3 2.230-3 2.067-3 1.906-3 1.782-3 1.741-3 1.780-3 1.865-3 1.956-3 2.027-3 2.086-3 1.967-3
4276.7 5.106-3 4.940-3 4.865-3 4.776-3 4.875-3 5.131-3 5.457-3 5.761-3 5.991-3 6.179-3 5.805-3
4277.4 2.278-3 2.598-3 3.005-3 3.322-3 3.610-3 3.842-3 4.015-3 4.135-3 4.212-3 4.209-3 3.971-3
4277.9 2.233-3 2.161-3 2.128-3 2.089-3 2.132-3 2.244-3 2.387-3 2.520-3 2.620-3 2.702-3 2.539-3
4281.3 1.707-3 2.148-3 2.595-3 2.917-3 3.053-3 3.009-3 2.859-3 2.687-3 2.543-3 2.260-3 2.111-3
4282.9 2.899-3 3.228-3 3.646-3 3.964-3 4.247-3 4.465-3 4.621-3 4.724-3 4.786-3 4.737-3 4.430-3
4283.7 1.426-3 1.626-3 1.881-3 2.079-3 2.260-3 2.405-3 2.513-3 2.589-3 2.637-3 2.635-3 2.486-3
4291.2 6.202-3 6.974-3 7.667-3 8.048-3 7.978-3 7.513-3 6.861-3 6.232-3 5.739-3 4.882-3 4.568-3
4294.7 5.269-3 6.632-3 8.012-3 9.006-3 9.426-3 9.288-3 8.825-3 8.296-3 7.851-3 6.976-3 6.516-3
4294.9 1.493-3 1.903-3 2.316-3 2.616-3 2.743-3 2.701-3 2.562-3 2.403-3 2.269-3 2.010-3 1.882-3
4303.6 1.605-3 1.573-3 1.576-3 1.613-3 1.726-3 1.898-3 2.084-3 2.247-3 2.365-3 2.478-3 2.334-3
4303.9 6.939-2 5.988-2 4.878-2 3.775-2 2.848-2 2.173-2 1.735-2 1.470-2 1.315-2 1.116-2 1.057-2
4304.4 3.335-3 2.873-3 2.333-3 1.800-3 1.352-3 1.028-3 8.183-4 6.924-4 6.193-4 5.262-4 4.986-4
4307.2 1.694-3 2.159-3 2.628-3 2.969-3 3.112-3 3.065-3 2.908-3 2.727-3 2.575-3 2.281-3 2.135-3
4317.0 2.181-2 2.072-2 1.942-2 1.804-2 1.681-2 1.587-2 1.521-2 1.479-2 1.452-2 1.406-2 1.360-2
4318.0 9.508-3 8.188-3 6.652-3 5.130-3 3.853-3 2.929-3 2.333-3 1.974-3 1.765-3 1.500-3 1.421-3
4319.6 1.202-2 1.185-2 1.168-2 1.151-2 1.144-2 1.146-2 1.154-2 1.163-2 1.170-2 1.173-2 1.141-2




4f(<G?/2) -  3d(4D*/2) 
4f(4G°/2) -  3d(4D2/2) 
3p(4P°/2) -  3s(4P*/2) 
4f(4G2/2) -  3d(4D*/2) 
4f(4G“/2) -  3d(4D?/2) 
3p(4P i/2) -  3s(4P ' /2) 
[1D]3p(2Dg/2) -  [1D]38(aD '/2) 
3p(4P l /2) -  3s(4P | /2) 
p D p p p D k )  -  [»D]3s{2D*/2) 
4f(4D?/2) -  3d(4D |/2) 
4f(4D“/2) -  3d(4D |/2) 
3p(4P»/2) -  3s(4P j/2) 
3p(2D»/2) -  3s(2P |/2) 
3p(2D»/2) -  3s(2P j/2) 
3p(2D»/2) -  3s(2P 2/2) 
[1S]3p(2P»/2) -  [1S]3s(2Sf/2) 
PDJSPPF?,,) -  [1D]38(2D '/2) 
[1D]3p(2F |/2) -  [‘D]3s(2D '/2) 
3p(4D°/2) -  3s(4P j/2) 
3p(4D»/2) -  3s(4P | /2) 
3p(4D°/2) -  3s(4P |/2) 
3P(4Dj/2) -  3s(4P f/2) 
3p(4D»/2) -  3s{4P j/2) 
3p(4D°/2) -  3s(4P 2/2)
A (A) 2 2.25 2.5 2.75
Log N e (cm 
3 3.25
■-*)
3.5 3.75 4 5 6
4331.2 1.617-3 2.026-3 2.424-3 2.706-3 2.797-3 2.708-3 2.520-3 2.319-3 2.154-3 1.853-3 1.732-3
4332.7 3.145-3 4.036-3 4.910-3 5.532-3 5.748-3 5.582-3 5.202-3 4.789-3 4.450-3 3.830-3 3.578-3
4336.8 1.060-2 1.007-2 9.442-3 8.769-3 8.174-3 7.714-3 7.396-3 7.191-3 7.058-3 6.835-3 6.613-3
4344.4 3.017-3 3.392-3 3.730-3 3.915-3 3.881-3 3.655-3 3.338-3 3.032-3 2.792-3 2.375-3 2.222-3
4345.5 1.337-3 1.503-3 1.653-3 1.735-3 1.720-3 1.620-3 1.479-3 1.343-3 1.237-3 1.052-3 9.846-4
4345.6 1.756-2 1.869-2 1.992-2 2.082-2 2.131-2 2.138-2 2.119-2 2.092-2 2.066-2 2.006-2 1.941-2
4347.3 6.957-3 6.606-3 6.189-3 5.764-3 5.392-3 5.105-3 4.905-3 4.776-3 4.696-3 4.611-3 4.658-3
4349.5 3.811-2 3.758-2 3.703-2 3.650-2 3.626-2 3.632-2 3.658-2 3.688-2 3.710-2 3.719-2 3.619-2
4351.2 4.307-3 4.606-3 5.040-3 5.623-3 6.330-3 7.088-3 7.791-3 8.358-3 8.763-3 9.357-3 9.481-3
4357.3 2.383-2 2.056-2 1.675-2 1.296-2 9.779-3 7.464-3 5.959-3 5.048-3 4.516-3 3.833-3 3.629-3
4357.5 5.843-3 5.032-3 4.088-3 3.152-3 2.368-3 1.800-3 1.433-3 1.213-3 1.085-3 9.217-4 8.734-4
4366.9 2.319-2 2.203-2 2.065-2 1.918-2 1.788-2 1.687-2 1.618-2 1.573-2 1.544-2 1.495-2 1.447-2
4414.8 9.355-3 1.125-2 1.415-2 1.822-2 2.340-2 2.910-2 3.451-2 3.889-2 4.198-2 4.606-2 4.509-2
4416.9 1.947-2 1.923-2 1.880-2 1.818-2 1.738-2 1.648-2 1.567-2 1.501-2 1.449-2 1.360-2 1.288-2
4452.3 4.009-3 3.959-3 3.871-3 3.744-3 3.578-3 3.394-3 3.227-3 3.091-3 2.982-3 2.801-3 2.653-3
4466.1 1.284-3 1.280-3 1.289-3 1.322-3 1.383-3 1.465-3 1.552-3 1.626-3 1.681-3 1.766-3 1.783-3
4590.9 2.152-2 2.269-2 2.477-2 2.813-2 3.280-2 3.825-2 4.358-2 4.800-2 5.121-2 5.583-2 5.620-2
4596.1 1.416-2 1.402-2 1.409-2 1.460-2 1.566-2 1.713-2 1.869-2 2.004-2 2.105-2 2.257-2 2.288-2
4638.8 7.422-2 6.995-2 6.442-2 5.822-2 5.198-2 4.635-2 4.178-2 3.840-2 3.608-2 3.272-2 3.165-2
4641.9 6.891-2 7.631-2 8.402-2 9.013-2 9.339-2 9.375-2 9.230-2 9.028-2 8.846-2 8.492-2 8.242-2
4649.2 5.849-2 6.154-2 6.698-2 7.497-2 8.625-2 9.952-2 1.125-1 1.234-1 1.312-1 1.416-1 1.389-1
4650.8 9.355-2 8.524-2 7.511-2 6.442-2 5.460-2 4.658-2 4.062-2 3.653-2 3.387-2 3.023-2 2.932-2
4661.7 7.798-2 7.350-2 6.769-2 6.117-2 5.461-2 4.870-2 4.389-2 4.034-2 3.792-2 3.437-2 3.325-2
4673.8 1.535-2 1.399-2 1.233-2 1.057-2 8.960-3 7.643-3 6.665-3 5.994-3 5.558-3 4.961-3 4.811-3
Table 6.7: continued
Transition A (i) 2 2.25 2.5 2.75
Log N e (cm 
3 3.25
- 3)
3.5 3.75 4 5 6
4676.3 2.133-2 2.362-2 2.601-2 2.790-2 2.891-2 2.902-2 2.857-2 2.795-2 2.738-2 2.629-2 2.551-2
4696.4 5.240-3 4.939-3 4.548-3 4.111-3 3.670-3 3.272-3 2.949-3 2.711-3 2.548-3 2.310-3 2.235-3
4699.2 1.707-3 1.913-3 2.131-3 2.300-3 2.393-3 2.409-3 2.375-3 2.325-3 2.280-3 2.186-3 2.115-3
4703.1 2.845-3 2.632-3 2.384-3 2.138-3 1.931-3 1.781-3 1.684-3 1.626-3 1.592-3 1.553-3 1.548-3
4705.3 1.497-3 1.591-3 1.748-3 1.967-3 2.264-3 2.608-3 2.941-3 3.216-3 3.413-3 3.663-3 3.573-3
4890.8 2.947-3 3.408-3 3.977-3 4.500-3 4.977-3 5.363-3 5.648-3 5.846-3 5.972-3 6.075-3 5.920-3
4906.8 1.240-2 1.311-2 1.381-2 1.423-2 1.429-2 1.402-2 1.359-2 1.316-2 1.281-2 1.215-2 1.176-2
4924.5 4.653-2 4.251-2 3.765-2 3.252-2 2.783-2 2.401-2 2.119-2 1.925-2 1.800-2 1.625-2 1.574-2
4943.0 1.187-3 1.167-3 1.155-3 1.168-3 1.211-3 1.281-3 1.358-3 1.425-3 1.475-3 1.532-3 1.485-3
6485.0 1.080-3 1.500-3 1.926-3 2.247-3 2.381-3 2.330-3 2.171-3 1.991-3 1.840-3 1.574-3 1.480-3
6486.4 1.630-3 2.230-3 2.833-3 3.280-3 3.456-3 3.370-3 3.132-3 2.866-3 2.645-3 2.251-3 2.104-3
6495.8 2.004-3 1.952-3 1.956-3 2.040-3 2.252-3 2.562-3 2.893-3 3.177-3 3.384-3 3.605-3 3.402-3
6498.4 1.573-3 1.531-3 1.542-3 1.623-3 1.815-3 2.089-3 2.380-3 2.628-3 2.809-3 3.004-3 2.833-3
6502.4 1.028-3 1.409-3 1.793-3 2.078-3 2.191-3 2.138-3 1.988-3 1.820-3 1.680-3 1.430-3 1.336-3
6509.7 2.131-3 2.897-3 3.661-3 4.224-3 4.442-3 4.325-3 4.017-3 3.674-3 3.391-3 2.885-3 2.697-3
6510.6 1.617-3 2.213-3 2.811-3 3.255-3 3.431-3 3.346-3 3.110-3 2.847-3 2.628-3 2.237-3 2.092-3
6559.1 1.310-3 1.236-3 1.179-3 1.187-3 1.274-3 1.427-3 1.603-3 1.758-3 1.872-3 1.995-3 1.882-3
6571.1 1.283-3 1.271-3 1.245-3 1.206-3 1.149-3 1.082-3 1.019-3 9.668-4 9.258-4 8.589-4 8.113-4
6640.8 2.933-3 2.820-3 2.706-3 2.663-3 2.702-3 2.818-3 2.972-3 3.116-3 3.221-3 3.359-3 3.276-3
6721.1 5.635-3 5.418-3 5.199-3 5.117-3 5.191-3 5.414-3 5.711-3 5.987-3 6.189-3 6.454-3 6.293-3
6869.4 1.491-3 1.641-3 1.800-3 1.930-3 2.001-3 2.010-3 1.980-3 1.938-3 1.900-3 1.839-3 1.812-3
6884.9 3.327-3 3.075-3 2.766-3 2.436-3 2.124-3 1.860-3 1.658-3 1.515-3 1.421-3 1.297-3 1.276-3
6895.0 3.954-3 4.308-3 4.915-3 5.835-3 7.091-3 8.543-3 9.956-3 1.113-2 1.198-2 1.323-2 1.324-2



























-  3s(4P I/2)
-  3s(4P |/2)
-  3p(2D°/2)
-  [*D]3p(2D |/2)
-  3p(2D»/2)
-  3p(4S |/2)
-  3p(4S |/2)
-  3p{4S“/2)









-  3d(2F |/2)
-  3 s (2P j / 2 )
-  3s(2P |/2)
-  3d(4F |/2)
-  3d(4F j/2)




4p(4D»/2) -  3d(4F j/2) 
4p(4D»/2) -  3d(4F*/2) 
[1D]4p(2F°/2) -  [‘D ^ G ^ )  
4p(4S°/2) -  3d(4P*/2) 
4p(4P»/2) -  3d(4D2/2) 
5f(4G°1/2) -  4d(4Fg/2) 
5f(4Gg/2) -  4d(4F?/2) 
5f(4G°/2) -  4d(4D2/2) 
5g(4Gl /2) -  4f(4D j/2) 
5g(4G«7/2) -  4f(4G°/2) 
5g(4G |/2) -  4f{4G“/2) 
5g(4Hf3/2) -  4f(4G°1/2) 
5g(4GJ1/2) -  4f(4G»/2) 
5g(4G l/2) -  4f(4D3/2) 
5g(4Gf/2) -  4f(4D |/2) 
5g(4Gf1/2) -  4f(4Gg/2) 
5g(4G '/2) -  4f(4G“/2) 
5g(4G '/2) -  4f(4F |/2) 
5g(4G7/2) -  4f(4F°/2) 
5g(4G '/2) -  4f(4F°/2) 
5g(4Gf1/2) -  4f(4Fg/2) 
5g(4G '/2) -  4f(4Fg/2) 
5g(4G '/2) -  4f(4F 7/2) 
5g(4G^/2) -  4f(4F°/2)
A (A) 2 2.25 2.5 2.75
Log N e (cm 
3 3.25
- 3)
3.5 3.75 4 5 6
6907.8 1.002-2 9.014-3 7.807-3 6.559-3 5.438-3 4.546-3 3.902-3 3.470-3 3.197-3 2.851-3 2.812-3
6910.5 1.352-2 1.250-2 1.125-2 9.903-3 8.635-3 7.564-3 6.742-3 6.161-3 5.778-3 5.273-3 5.187-3
7151.1 1.807-3 2.067-3 2.482-3 3.091-3 3.885-3 4.780-3 5.635-3 6.335-3 6.841-3 7.570-3 7.654-3
7229.2 1.905-3 1.777-3 1.625-3 1.467-3 1.327-3 1.216-3 1.137-3 1.085-3 1.052-3 1.011-3 1.001-3
7296.2 1.502-3 1.721-3 2.014-3 2.367-3 2.759-3 3.151-3 3.499-3 3.772-3 3.965-3 4.236-3 4.216-3
8820.0 1.350-3 1.367-3 1.448-3 1.617-3 1.903-3 2.273-3 2.651-3 2.971-3 3.205-3 3.515-3 3.418-3
8861.8 1.346-3 1.822-3 2.309-3 2.682-3 2.844-3 2.796-3 2.623-3 2.424-3 2.256-3 1.973-3 1.887-3
9553.8 1.046-3 1.118-3 1.249-3 1.446-3 1.723-3 2.047-3 2.363-3 2.625-3 2.813-3 3.056-3 2.970-3
9929.9 3.360-3 3.439-3 3.710-3 3.809-3 4.030-3 4.315-3 4.606-3 4.856-3 5.037-3 5.079-3 4.608-3
9959.3 5.398-3 6.798-3 8.120-3 8.994-3 9.195-3 8.787-3 8.056-3 7.303-3 6.695-3 5.561-3 5.082-3
9962.6 7.938-3 9.996-3 1.193-2 1.320-2 1.348-2 1.286-2 1.178-2 1.067-2 9.779-3 8.101-3 7.380-3
9982.4 1.300-2 1.232-2 1.175-2 1.122-2 1.117-2 1.156-2 1.217-2 1.277-2 1.321-2 1.335-2 1.212-2
9988.5 1.108-2 1.050-2 1.004-2 9.592-3 9.574-3 9.934-3 1.047-2 1.099-2 1.139-2 1.150-2 1.043-2
9989.6 3.954-3 5.001-3 5.994-3 6.652-3 6.812-3 6.518-3 5.984-3 5.432-3 4.985-3 4.143-3 3.777-3
9990.3 5.414-3 6.814-3 8.136-3 9.005-3 9.203-3 8.795-3 8.068-3 7.320-3 6.715-3 5.575-3 5.077-3
10008.8 1.056-2 1.325-2 1.578-2 1.742-2 1.777-2 1.695-2 1.551-2 1.405-2 1.287-2 1.066-2 9.713-3
10010.8 8.294-3 1.041-2 1.239-2 1.368-2 1.396-2 1.333-2 1.221-2 1.106-2 1.014-2 8.407-3 7.658-3
10073.9 2.047-3 2.134-3 2.318-3 2.399-3 2.539-3 2.713-3 2.892-3 3.045-3 3.156-3 3.186-3 2.911-3
10077.9 3.751-3 3.940-3 4.263-3 4.419-3 4.616-3 4.817-3 4.997-3 5.143-3 5.241-3 5.160-3 4.672-3
10098.5 5.032-3 5.147-3 5.471-3 5.577-3 5.834-3 6.182-3 6.549-3 6.868-3 7.099-3 7.138-3 6.475-3
10110.3 7.123-3 7.091-3 7.217-3 7.260-3 7.531-3 7.982-3 8.494-3 8.950-3 9.283-3 9.394-3 8.537-3
10111.5 1.059-3 1.084-3 1.152-3 1.174-3 1.228-3 1.302-3 1.379-3 1.446-3 1.495-3 1.503-3 1.363-3
10114.0 1.121-3 1.178-3 1.275-3 1.321-3 1.380-3 1.440-3 1.494-3 1.537-3 1.567-3 1.542-3 1.397-3
10117.7 9.434-3 8.542-3 7.521-3 6.918-3 6.651-3 6.733-3 7.010-3 7.308-3 7.541-3 7.593-3 6.896-3
Table 6.7: continued
Log N e (cm 3j 
3 3.25 3.5Transition A (A) 2.25 2.5 2.75 3.75
e
























-  4f(4F l , 2) 10271.7 1.213-3 1.527-3 1.823-3 2.018-3 2.062-3 1.971-3 1.808-3 1.640-3 1.505-3 1.250-3 1.138-3
~ 4p(4D^/2) 11116.4 3.826-3 3.485-3 3.076-3 2.651-3 2.269-3 1.962-3 1.740-3 1.590-3 1.495-3 1.374-3 1.355-3
- 4 p ( 4P^/2) 11517.8 1.117-3 1.221-3 1.379-3 1.591-3 1.860-3 2.156-3 2.437-3 2.666-3 2.831-3 3.069-3 3.062-3
"  4p(4P?/2) 11558.4 3.167-3 3.512-3 3.974-3 4.534-3 5.159-3 5.787-3 6.347-3 6.788-3 7.098-3 7.534-3 7.487-3
-  4p(4P?/2) 11595.3 1.008-3 1.118-3 1.266-3 1.444-3 1.643-3 1.843-3 2.021-3 2.161-3 2.260-3 2.399-3 2.384-3
-  4p(4S3°/2) 11618.3 1.801-2 1.640-2 1.448-2 1.248-2 1.068-2 9.235-3 8.189-3 7.484-3 7.036-3 6.468-3 6.376-3
-  4p(4S?/2) 11638.6 1.579-3 1.584-3 1.575-3 1.543-3 1.484-3 1.406-3 1.325-3 1.256-3 1.205-3 1.131-3 1.116-3
— 4p(4D°/2) 11656.0 7.817-3 1.001-2 1.241-2 1.450-2 1.586-2 1.641-2 1.639-2 1.612-2 1.583-2 1.533-2 1.517-2
-  4p(4D*/2) 11663.0 2.411-2 2.251-2 2.051-2 1.829-2 1.612-2 1.420-2 1.267-2 1.156-2 1.081-2 9.811-3 9.680-3
— 4p(4D®/2) 11666.2 1.892-2 1.696-2 1.460-2 1.216-2 9.986-3 8.262-3 7.022-3 6.195-3 5.674-3 5.017-3 4.943-3
-  4p(4P?/2) 11677.1 2.271-3 2.278-3 2.265-3 2.219-3 2.134-3 2.022-3 1.905-3 1.806-3 1.733-3 1.627-3 1.604-3
- 4 p ( 4D?/2) 11677.4 6.291-3 6.620-3 7.391-3 8.785-3 1.092-2 1.354-2 1.618-2 1.841-2 2.005-2 2.251-2 2.262-2
-  4p(4D«/2) 11732.2 6.637-3 5.947-3 5.120-3 4.267-3 3.503-3 2.898-3 2.463-3 2.173-3 1.990-3 1.760-3 1.734-3
-  4p(4D5°/2) 11782.0 6.165-3 5.757-3 5.244-3 4.678-3 4.123-3 3.633-3 3.241-3 2.955-3 2.764-3 2.509-3 2.476-3
-  4p(4P 3/2) 11882.8 2.376-3 2.165-3 1.910-3 1.647-3 1.409-3 1.219-3 1.081-3 9.877-4 9.286-4 8.536-4 8.415-4
-  4s(4P^/2) 13220.8 1.139-3 1.305-3 1.527-3 1.794-3 2.092-3 2.389-3 2.653-3 2.860-3 3.006-3 3.212-3 3.197-3
- 4 s(4P5/2) 13906.0 4.525-3 4.183-3 3.762-3 3.313-3 2.889-3 2.531-3 2.256-3 2.061-3 1.933-3 1.764-3 1.735-3
-  4s(4P 3/2) 13941.9 3.484-3 3.835-3 4.206-3 4.509-3 4.675-3 4.696-3 4.626-3 4.527-3 4.440-3 4.297-3 4.234-3
-  4s(4P?/2) 13999.9 4.181-3 3.762-3 3.258-3 2.737-3 2.269-3 1.897-3 1.628-3 1.448-3 1.334-3 1.190-3 1.174-3
-  4s(4P e5/2) 14010.8 2.078-3 2.264-3 2.583-3 3.067-3 3.727-3 4.490-3 5.233-3 5.849-3 6.296-3 6.954-3 6.959-3
-  4s(4P 3/2) 14112.3 3.360-3 3.106-3 2.793-3 2.460-3 2.145-3 1.879-3 1.675-3 1.530-3 1.435-3 1.310-3 1.288-3
-  4d(4F^/2) 15216.1 2.217-3 2.011-3 1.768-3 1.520-3 1.303-3 1.136-3 1.021-3 9.464-4 9.011-4 8.460-4 8.390-4
-  5f(4G?/2) 18338.7 1.378-3 1.887-3 2.396-3 2.774-3 2.923-3 2.851-3 2.649-3 2.424-3 2.238-3 1.904-3 1.779-3
-  5f(4G?1/2) 18368.5 1.614-3 1.572-3 1.575-3 1.643-3 1.814-3 2.063-3 2.330-3 2.559-3 2.726-3 2.903-3 2.740-3
Table 6.7: continued
Transition A (A) 2 2.25 2.5 2.75
Log N e (cm 
3 3.25
- 3)
3.5 3.75 4 5 6
6g(4q i/2) -  5f(4Gg/2) 18385.9 1.244-3 1.211-3 1.220-3 1.284-3 1.436-3 1.652-3 1.882-3 2.079-3 2.222-3 2.376-3 2.241-3
6g(4G fi/2) -  5f(4Gg/2) 18432.6 1.787-3 2.430-3 3.071-3 3.543-3 3.726-3 3.628-3 3.369-3 3.082-3 2.844-3 2.420-3 2.262-3
6g(4Ge9/2) - 5 f ( 4G?/2) 18439.7 1.358-3 1.859-3 2.361-3 2.734-3 2.882-3 2.810-3 2.612-3 2.391-3 2.207-3 1.879-3 1.757-3
217
Table 6.8: O II effective recombination coefficients ( x l0 12cm3s l ) for strong transitions 
(aef f  > 1 x 10-15 for some density) at an electron temperature of 15000K under case B.
Transition A (A) 2 2.25 2.5 2.75
Log N e (cm 
3 3.25
" 3)
3.5 3.75 4 5 6
1083.1 6.448-3 6.258-3 6.026-3 5.777-3 5.562-3 5.405-3 5.306-3 5.251-3 5.218-3 5.119-3 4.896-3
1085.0 4.906-3 4.761-3 4.584-3 4.395-3 4.231-3 4.112-3 4.037-3 3.995-3 3.970-3 3.894-3 3.725-3
1086.0 2.645-3 2.567-3 2.472-3 2.370-3 2.282-3 2.217-3 2.177-3 2.154-3 2.141-3 2.100-3 2.008-3
1128.0 1.193-2 1.199-2 1.208-2 1.218-2 1.232-2 1.249-2 1.267-2 1.282-2 1.293-2 1.292-2 1.235-2
1129.2 9.346-3 8.919-3 8.391-3 7.810-3 7.278-3 6.854-3 6.551-3 6.354-3 6.229-3 5.989-3 5.697-3
1130.1 4.636-3 4.661-3 4.697-3 4.735-3 4.789-3 4.855-3 4.924-3 4.983-3 5.026-3 5.024-3 4.802-3
1131.3 2.485-3 2.371-3 2.231-3 2.077-3 1.935-3 1.822-3 1.742-3 1.689-3 1.656-3 1.592-3 1.515-3
1131.9 5.669-3 6.073-3 6.531-3 6.907-3 7.144-3 7.216-3 7.168-3 7.073-3 6.977-3 6.719-3 6.381-3
1132.3 7.350-3 7.014-3 6.598-3 6.142-3 5.723-3 5.390-3 5.152-3 4.997-3 4.899-3 4.709-3 4.480-3
1132.9 1.070-3 1.147-3 1.233-3 1.304-3 1.349-3 1.362-3 1.353-3 1.335-3 1.317-3 1.269-3 1.205-3
1147.2 2.183-3 2.367-3 2.664-3 3.080-3 3.641-3 4.296-3 4.947-3 5.498-3 5.904-3 6.424-3 6.173-3
1151.0 3.349-3 3.753-3 4.199-3 4.589-3 4.834-3 4.908-3 4.858-3 4.758-3 4.658-3 4.433-3 4.226-3
1152.2 3.179-3 3.006-3 2.777-3 2.514-3 2.242-3 1.993-3 1.785-3 1.629-3 1.520-3 1.355-3 1.289-3
1153.3 4.123-3 3.898-3 3.601-3 3.259-3 2.908-3 2.584-3 2.315-3 2.112-3 1.972-3 1.756-3 1.671-3
1154.1 4.573-3 4.191-3 3.711-3 3.188-3 2.694-3 2.280-3 1.967-3 1.750-3 1.607-3 1.405-3 1.339-3
1593.4 2.489-3 2.708-3 3.076-3 3.652-3 4.449-3 5.399-3 6.352-3 7.166-3 7.771-3 8.678-3 8.811-3
1594.2 2.809-3 2.739-3 2.683-3 2.682-3 2.764-3 2.927-3 3.128-3 3.318-3 3.467-3 3.717-3 3.838-3
1650.6 4.971-3 4.622-3 4.180-3 3.691-3 3.215-3 2.802-3 2.477-3 2.242-3 2.084-3 1.860-3 1.792-3
1651.1 3.640-3 4.043-3 4.494-3 4.891-3 5.139-3 5.207-3 5.143-3 5.028-3 4.916-3 4.692-3 4.523-3
1651.9 4.975-3 4.510-3 3.934-3 3.316-3 2.742-3 2.274-3 1.928-3 1.692-3 1.541-3 1.340-3 1.293-3
1652.0 1.949-3 2.180-3 2.561-3 3.134-3 3.916-3 4.838-3 5.760-3 6.544-3 7.125-3 7.931-3 7.725-3
1653.5 4.257-3 3.959-3 3.580-3 3.161-3 2.754-3 2.400-3 2.121-3 1.920-3 1.785-3 1.593-3 1.535-3
3 P ( % 2
m % 2
3p (4S | /2
3p(4P»/2
3 P ( 4 P 3 /2
3 p ( 4 p ? / 2
3P(4p3/2









p D ^ F ?
-  2p4(4P e5/2)
-  2p4(4P e3/2)




-  2p4(4P | /2 )
-  2p4(4P f/2 )
-  2p4(4P f/2 )
-  2p4(4P [/2)
-  2p 4(4P £5/2)
-  2p4(4P?/2)
-  2p 4{4P | /2)
-  2p4(4P i/2)
-  2P4(4Pf/2)
,) -  2p4(2PS1/2 )
) -  2p4(2P^/2) 
4p(4D°/2) -  3s(4Pj/2) 
4p(4D»/2) -  3s(4P*/2) 
4p(4D°/2) -  3s(4Pj/2) 
4p(4D°/2) -  3s(4P |/2) 
4p(4D°/2) -  3s(4P2/2)
Table 6.8: continued
Transition A ( i ) 2 2.25 2.5 2.75
Log N e (cm 
3 3.25
- 3)
3.5 3.75 4 5 6
2433.5 2.448-3 2.322-3 2.168-3 2.008-3 1.866-3 1.757-3 1.683-3 1.637-3 1.610-3 1.588-3 1.636-3
2445.5 1.625-3 1.708-3 1.833-3 2.007-3 2.227-3 2.474-3 2.713-3 2.913-3 3.061-3 3.293-3 3.387-3
2906.5 1.789-3 1.838-3 1.983-3 2.264-3 2.732-3 3.348-3 4.000-3 4.568-3 4.993-3 5.545-3 5.285-3
2911.7 1.710-3 2.374-3 3.094-3 3.696-3 4.016-3 4.014-3 3.794-3 3.503-3 3.244-3 2.778-3 2.608-3
3129.3 1.404-3 1.473-3 1.545-3 1.598-3 1.615-3 1.592-3 1.544-3 1.493-3 1.450-3 1.368-3 1.312-3
3134.1 3.446-3 3.136-3 2.749-3 2.339-3 1.959-3 1.650-3 1.424-3 1.271-3 1.174-3 1.039-3 9.975-4
3134.7 1.734-3 1.924-3 2.212-3 2.614-3 3.130-3 3.712-3 4.277-3 4.751-3 5.097-3 5.550-3 5.372-3
3138.3 3.168-3 3.324-3 3.485-3 3.606-3 3.643-3 3.592-3 3.484-3 3.368-3 3.271-3 3.086-3 2.960-3
3139.6 3.727-3 3.392-3 2.973-3 2.530-3 2.118-3 1.785-3 1.540-3 1.375-3 1.270-3 1.124-3 1.079-3
3306.4 2.290-3 2.084-3 1.827-3 1.554-3 1.302-3 1.097-3 9.462-4 8.448-4 7.801-4 6.907-4 6.629-4
3712.7 7.786-3 7.556-3 7.276-3 6.975-3 6.716-3 6.527-3 6.407-3 6.340-3 6.301-3 6.181-3 5.912-3
3727.3 1.658-2 1.609-2 1.549-2 1.485-2 1.430-2 1.390-2 1.364-2 1.350-2 1.342-2 1.316-2 1.259-2
3749.5 2.762-2 2.680-2 2.581-2 2.474-2 2.382-2 2.315-2 2.273-2 2.249-2 2.235-2 2.192-2 2.097-2
3762.4 1.150-3 1.207-3 1.265-3 1.309-3 1.322-3 1.304-3 1.265-3 1.223-3 1.187-3 1.120-3 1.074-3
3842.7 1.558-3 1.526-3 1.494-3 1.457-3 1.434-3 1.428-3 1.435-3 1.448-3 1.458-3 1.459-3 1.390-3
3851.0 1.710-3 1.675-3 1.639-3 1.599-3 1.574-3 1.567-3 1.575-3 1.589-3 1.601-3 1.601-3 1.525-3
3864.6 1.988-3 1.948-3 1.906-3 1.859-3 1.830-3 1.822-3 1.832-3 1.847-3 1.861-3 1.862-3 1.774-3
3882.1 2.079-3 2.362-3 2.716-3 3.075-3 3.414-3 3.701-3 3.923-3 4.080-3 4.183-3 4.269-3 4.073-3
3907.4 1.940-3 1.788-3 1.597-3 1.389-3 1.192-3 1.027-3 9.019-4 8.143-4 7.569-4 6.739-4 6.418-4
3911.9 1.840-3 1.845-3 1.858-3 1.887-3 1.937-3 2.002-3 2.071-3 2.132-3 2.179-3 2.261-3 2.325-3
3919.2 1.396-3 1.346-3 1.288-3 1.234-3 1.194-3 1.174-3 1.170-3 1.174-3 1.181-3 1.201-3 1.236-3
3945.0 1.054-3 1.106-3 1.191-3 1.320-3 1.495-3 1.699-3 1.900-3 2.070-3 2.195-3 2.331-3 2.237-3
3954.3 3.966-3 3.869-3 3.756-3 3.646-3 3.562-3 3.513-3 3.489-3 3.484-3 3.481-3 3.399-3 3.228-3
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Table 6.8: continued
Transition AM) 2.25 2.5 2.75
Log N,, (cm 3 )




























-  3s(2P^/2) 3982.6 1.940-3 1.892-3 1.836-3 1.783-3 1.742-3 1.718-3 1.706-3 1.703-3 1.702-3 1.662-3 1.578-3
- 3 d ( 4F?/2) 4048.2 1.075-3 1.045-3 1.034-3 1.019-3 1.046-3 1.112-3 1.198-3 1.280-3 1.343-3 1.407-3 1.304-3
-  3d(4Fg/2) 4062.9 1.024-3 1.080-3 1.174-3 1.269-3 1.400-3 1.554-3 1.710-3 1.841-3 1.937-3 2.030-3 1.879-3
-  3p(4D?/2) 4069.5 5.936-2 5.434-2 4.802-2 4.109-2 3.449-2 2.892-2 2.466-2 2.166-2 1.969-2 1.692-2 1.613-2
-  3p(4D«/2) 4069.8 5.785-2 5.598-2 5.323-2 4.962-2 4.541-2 4.103-2 3.703-2 3.381-2 3.149-2 2.787-2 2.652-2
"  3d(4F e7/2) 4071.2 2.150-3 2.132-3 2.166-3 2.247-3 2.441-3 2.731-3 3.056-3 3.344-3 3.558-3 3.791-3 3.520-3
-  3p(4D5°/2) 4072.0 2.516-2 3.085-2 3.725-2 4.296-2 4.683-2 4.844-2 4.835-2 4.747-2 4.646-2 4.413-2 4.202-2
-  3p(4D?/2) 4075.8 2.208-2 2.275-2 2.446-2 2.743-2 3.233-2 3.874-2 4.551-2 5.143-2 5.586-2 6.178-2 5.934-2
-  3p(4D°/2) 4078.8 2.316-2 2.120-2 1.874-2 1.603-2 1.346-2 1.128-2 9.621-3 8.452-3 7.682-3 6.601-3 6.295-3
-  3d(4F®/2) 4083.9 3.971-3 5.061-3 6.195-3 7.089-3 7.492-3 7.371-3 6.910-3 6.358-3 5.879-3 4.992-3 4.596-3
-  3p(4D«/2) 4085.0 1.817-2 1.758-2 1.672-2 1.559-2 1.426-2 1.289-2 1.163-2 1.062-2 9.891-3 8.755-3 8.332-3
-  3d(4F^/2) 4087.1 5.633-3 6.441-3 7.241-3 7.791-3 7.896-3 7.549-3 6.935-3 6.288-3 5.753-3 4.810-3 4.443-3
-  3d(4F |/2) 4089.2 1.081-2 1.058-2 1.058-2 1.080-2 1.164-2 1.302-2 1.463-2 1.608-2 1.718-2 1.840-2 1.708-2
3p(4D?/2) 4092.8 4.004-3 4.910-3 5.928-3 6.837-3 7.453-3 7.709-3 7.695-3 7.554-3 7.395-3 7.023-3 6.687-3
-  3d(4F^/2) 4095.6 4.421-3 4.996-3 5.557-3 5.929-3 5.976-3 5.696-3 5.228-3 4.743-3 4.344-3 3.639-3 3.355-3
-  3p(4P?/2) 4097.1 4.562-3 4.470-3 4.374-3 4.266-3 4.199-3 4.182-3 4.203-3 4.239-3 4.271-3 4.273-3 4.070-3
-  3d(4F 7/2) 4097.2 7.551-3 9.913-3 1.239-2 1.434-2 1.527-2 1.508-2 1.417-2 1.305-2 1.208-2 1.026-2 9.446-3
-  3d(4Fe3/2) 4098.5 1.954-2 1.704-2 1.401-2 1.089-2 8.168-3 6.137-3 4.798-3 3.986-3 3.515-3 2.925-3 2.749-3
-  3p(4P?/2) 4102.9 2.648-3 3.129-3 3.701-3 4.217-3 4.618-3 4.860-3 4.969-3 4.999-3 4.994-3 4.900-3 4.660-3
-  3p(4P^/2) 4104.7 3.272-3 2.997-3 2.666-3 2.325-3 2.037-3 1.835-3 1.713-3 1.647-3 1.614-3 1.563-3 1.491-3
~ 3p(4P^/2) 4105.0 9.914-3 9.713-3 9.505-3 9.269-3 9.123-3 9.087-3 9.133-3 9.211-3 9.280-3 9.284-3 8.844-3
-  3d(4F |/2) 4107.1 1.129-2 9.860-3 8.130-3 6.340-3 4.775-3 3.603-3 2.826-3 2.352-3 2.075-3 1.726-3 1.621-3
-  3p(4P 3°/2) 4110.8 1.236-3 1.461-3 1.727-3 1.968-3 2.156-3 2.269-3 2.320-3 2.334-3 2.331-3 2.287-3 2.175-3




3d(<Df/2) -  3p(4P°/2) 
3d(4D‘/2) -  3p(4P “/2) 
3d(4P j/2) -  3p(4P j/2) 
3d(4P f/2) -  3p(4P»/2) 
3d(4P |/2) -  3p(4P°/2) 
3d(4P*/2) -  3p{4P j/2) 
3d(4P |/2) -  3p(4P | /2) 
3d(4P |/2) -  3p(4P j/2) 
[‘D JS d fG ^ )  -  [4D]3p(2Fg/2) 
p D M ^ M ' D l S p t 2^ )  
4f(4F»/2) -  3d(4D2/2) 
4f(4F l/2) -  3d(4D |/2) 
4f(4F“/2) -  3d(4D j/2) 
4f(4F?/2) -  3d(4D j/2) 
4f(4F “/2) - 3 d ( 4Df/2) 
4f(4F?/2) -  3d(4D2/2) 
4f(4F°/2) -  3d(4D |/2) 
4f(4G?/2) -  3d(4P | /2) 
4f(4D |/2) -  3d(4P j/2) 
4f(4D?/2) -  3d(4P | /2) 
3p(4P°/2) -  3 s {4 P j / 2 ) 
4f(4Df/2) -  3d(4P |/2) 
3p(4P»/2) -  3 s (4P 2 /2 ) 
3p(4P°/2) -  3 s (4 P ; /2 )
A (A) 2 2.25 2.5 2.75
Log N e (cm 
3 3.25
- 3)
3.5 3.75 4 5 6
4120.2 2.542-3 2.328-3 2.071-3 1.807-3 1.583-3 1.425-3 1.331-3 1.280-3 1.254-3 1.214-3 1.159-3
4120.5 1.846-3 1.809-3 1.770-3 1.726-3 1.699-3 1.692-3 1.701-3 1.715-3 1.728-3 1.729-3 1.647-3
4121.4 1.100-3 1.295-3 1.542-3 1.785-3 2.014-3 2.204-3 2.349-3 2.450-3 2.515-3 2.568-3 2.443-3
4129.3 1.491-3 1.756-3 2.092-3 2.421-3 2.731-3 2.988-3 3.185-3 3.322-3 3.411-3 3.482-3 3.313-3
4132.7 7.510-3 7.981-3 8.482-3 8.843-3 8.991-3 8.908-3 8.681-3 8.419-3 8.195-3 7.735-3 7.340-3
4153.3 2.557-2 2.357-2 2.106-2 1.831-2 1.571-2 1.354-2 1.189-2 1.073-2 9.977-3 8.883-3 8.460-3
4156.5 4.657-3 4.950-3 5.260-3 5.485-3 5.576-3 5.525-3 5.384-3 5.222-3 5.082-3 4.797-3 4.552-3
4169.2 2.824-2 2.603-2 2.326-2 2.023-2 1.736-2 1.495-2 1.313-2 1.186-2 1.102-2 9.811-3 9.344-3
4185.4 8.901-3 8.709-3 8.618-3 8.790-3 9.344-3 1.024-2 1.128-2 1.224-2 1.298-2 1.415-2 1.449-2
4189.7 7.489-3 8.308-3 9.727-3 1.199-2 1.518-2 1.901-2 2.288-2 2.619-2 2.865-2 3.228-2 3.252-2
4275.5 4.262-3 4.495-3 4.885-3 5.281-3 5.825-3 6.466-3 7.113-3 7.662-3 8.061-3 8.446-3 7.817-3
4276.0 1.884-3 1.757-3 1.626-3 1.523-3 1.489-3 1.531-3 1.620-3 1.717-3 1.795-3 1.876-3 1.738-3
4276.3 1.326-3 1.236-3 1.144-3 1.071-3 1.048-3 1.077-3 1.140-3 1.208-3 1.263-3 1.320-3 1.223-3
4276.7 2.990-3 2.907-3 2.875-3 2.834-3 2.909-3 3.091-3 3.330-3 3.558-3 3.734-3 3.911-3 3.625-3
4277.4 1.264-3 1.468-3 1.735-3 1.961-3 2.174-3 2.352-3 2.490-3 2.588-3 2.651-3 2.674-3 2.477-3
4277.9 1.308-3 1.271-3 1.257-3 1.240-3 1.272-3 1.352-3 1.456-3 1.556-3 1.633-3 1.711-3 1.585-3
4282.9 1.608-3 1.819-3 2.095-3 2.325-3 2.539-3 2.713-3 2.844-3 2.934-3 2.989-3 2.988-3 2.755-3
4291.2 3.745-3 4.232-3 4.707-3 5.022-3 5.062-3 4.824-3 4.429-3 4.017-3 3.679-3 3.082-3 2.842-3
4294.7 2.968-3 3.816-3 4.728-3 5.456-3 5.843-3 5.852-3 5.608-3 5.281-3 4.986-3 4.396-3 4.046-3
4303.9 4.521-2 3.949-2 3.256-2 2.539-2 1.912-2 1.443-2 1.132-2 9.420-3 8.311-3 6.910-3 6.492-3
4317.0 1.540-2 1.470-2 1.383-2 1.287-2 1.199-2 1.129-2 1.079-2 1.047-2 1.026-2 9.868-3 9.387-3
4318.0 6.209-3 5.414-3 4.452-3 3.460-3 2.595-3 1.950-3 1.525-3 1.267-3 1.117-3 9.293-4 8.736-4
4319.6 8.106-3 8.149-3 8.212-3 8.279-3 8.373-3 8.489-3 8.608-3 8.712-3 8.786-3 8.783-3 8.395-3
4325.7 1.970-3 2.110-3 2.269-3 2.400-3 2.482-3 2.507-3 2.491-3 2.458-3 2.424-3 2.335-3 2.217-3
Table 6.8: continued
Transition A {A) 2 2.25 2.5 2.75
Log N e (cm 
3 3.25
r 3)
3.5 3.75 4 5 6
4332.7 1.781-3 2.338-3 2.921-3 3.382-3 3.600-3 3.556-3 3.341-3 3.078-3 2.848-3 2.420-3 2.228-3
4336.8 7.487-3 7.145-3 6.722-3 6.256-3 5.830-3 5.491-3 5.248-3 5.090-3 4.990-3 4.797-3 4.564-3
4344.4 1.822-3 2.059-3 2.290-3 2.443-3 2.462-3 2.347-3 2.154-3 1.954-3 1.790-3 1.499-3 1.383-3
4345.6 1.180-2 1.264-2 1.359-2 1.438-2 1.487-2 1.502-2 1.492-2 1.472-2 1.452-2 1.398-2 1.328-2
4347.3 5.787-3 5.490-3 5.127-3 4.748-3 4.412-3 4.155-3 3.980-3 3.870-3 3.806-3 3.754-3 3.867-3
4349.5 2.570-2 2.584-2 2.603-2 2.625-2 2.654-2 2.691-2 2.729-2 2.762-2 2.785-2 2.785-2 2.661-2
4351.2 3.494-3 3.673-3 3.941-3 4.316-3 4.790-3 5.321-3 5.835-3 6.265-3 6.582-3 7.081-3 7.283-3
4357.3 1.553-2 1.356-2 1.118-2 8.720-3 6.568-3 4.955-3 3.887-3 3.235-3 2.854-3 2.373-3 2.229-3
4357.5 3.816-3 3.327-3 2.736-3 2.127-3 1.595-3 1.198-3 9.369-4 7.784-4 6.864-4 5.711-4 5.369-4
4366.9 1.638-2 1.563-2 1.470-2 1.369-2 1.275-2 1.201-2 1.148-2 1.113-2 1.092-2 1.049-2 9.983-3
4414.8 6.097-3 7.444-3 9.493-3 1.237-2 1.607-2 2.023-2 2.427-2 2.765-2 3.011-2 3.324-2 3.209-2
4416.9 1.583-2 1.562-2 1.525-2 1.473-2 1.403-2 1.324-2 1.246-2 1.183-2 1.136-2 1.046-2 9.923-3
4452.3 3.260-3 3.216-3 3.141-3 3.033-3 2.889-3 2.726-3 2.566-3 2.436-3 2.340-3 2.155-3 2.043-3
4466.1 1.167-3 1.146-3 1.127-3 1.121-3 1.136-3 1.171-3 1.217-3 1.262-3 1.297-3 1.355-3 1.378-3
4590.9 9.437-3 1.026-2 1.166-2 1.384-2 1.687-2 2.047-2 2.408-2 2.717-2 2.946-2 3.290-2 3.340-2
4596.1 1.153-2 1.125-2 1.102-2 1.101-2 1.135-2 1.202-2 1.285-2 1.362-2 1.424-2 1.526-2 1.576-2
4638.8 5.400-2 5.106-2 4.716-2 4.269-2 3.809-2 3.385-2 3.032-2 2.766-2 2.582-2 2.301-2 2.189-2
4641.9 4.581-2 5.133-2 5.745-2 6.277-2 6.612-2 6.714-2 6.646-2 6.509-2 6.373-2 6.064-2 5.781-2
4649.2 3.520-2 3.818-2 4.296-2 4.966-2 5.871-2 6.928-2 7.978-2 8.867-2 9.521-2 1.036-1 9.955-2
4650.8 6.896-2 6.320-2 5.596-2 4.808-2 4.062-2 3.438-2 2.967-2 2.638-2 2.423-2 2.118-2 2.020-2
4661.7 5.674-2 5.365-2 4.955-2 4.486-2 4.002-2 3.556-2 3.185-2 2.907-2 2.713-2 2.417-2 2.300-2
4673.8 1.132-2 1.037-2 9.183-3 7.889-3 6.665-3 5.642-3 4.868-3 4.329-3 3.977-3 3.476-3 3.314-3
4676.3 1.418-2 1.589-2 1.778-2 1.943-2 2.047-2 2.078-2 2.057-2 2.015-2 1.973-2 1.877-2 1.789-2
4696.4 3.813-3 3.605-3 3.330-3 3.014-3 2.689-3 2.389-3 2.140-3 1.953-3 1.823-3 1.624-3 1.545-3
4f(4Gg/2) -  3d(4Dy/2) 
3p(4P°/2) -  3s(4P |/2) 
4f(4G°/2) -  3d(4D |/2) 
3p(4P?/2) -  3s(4P j/2) 
[1D]3p(2Df/2) -  [ ^ s f 2^ )  
3p(4P»/2) -  3s(4Pj/2) 
pDjSpC'Df^) -  [1D]3s(2D |/2) 
4f(4D°/2) -  3d(4D*/2) 
4f(4D»/2) -  3d(4D |/2) 
3p(4P»/2) -  3s(4P®/2) 
3p(2D»/2) -  3s(2P2/2) 
3p(2D»/2) -  3s(2P j/2) 
3p(2D»/2) -  3s(2P |/2) 
[1S]3p(2P3/2) -  [‘S JS s fS ^ )  
p D ^ f F ^ )  -  [1D]3s(2Dg/2) 
P D JS p e F ^ )  -  p D lS sp D ^ )  
3p(4D |/2) -  3s(4P '/2) 
3p(4D |/2) -  3s(4P |/2) 
3P(4D°/2) -  3s(4P |/2 ) 
3p(4D°/2) -  3s(4P5/2) 
3p(4D»/2) - 3 s ( 4P |/2) 
3P(4Dj/2) -  3s(4P '/2) 
3p(4D»/2) -  3s(4P |/2) 
3p(4D”/2) -  3s(4P4/2)
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Table 6.8: continued
Transition A ( i ) 2 2.25 2.5 2.75
Log N e (cm 
3 3.25
r 3)
3.5 3.75 4 5 6
4699.2 1.069-3 1.211-3 1.369-3 1.505-3 1.592-3 1.622-3 1.610-3 1.580-3 1.549-3 1.477-3 1.402-3
4703.1 2.626-3 2.421-3 2.177-3 1.931-3 1.724-3 1.581-3 1.496-3 1.452-3 1.431-3 1.410-3 1.399-3
4890.8 1.757-3 2.068-3 2.464-3 2.851-3 3.216-3 3.520-3 3.752-3 3.914-3 4.018-3 4.102-3 3.903-3
4906.8 7.933-3 8.430-3 8.960-3 9.341-3 9.497-3 9.410-3 9.170-3 8.894-3 8.656-3 8.170-3 7.753-3
4924.5 3.126-2 2.881-2 2.574-2 2.239-2 1.921-2 1.655-2 1.453-2 1.312-2 1.220-2 1.086-2 1.034-2
6495.8 1.115-3 1.095-3 1.107-3 1.166-3 1.305-3 1.510-3 1.739-3 1.941-3 2.091-3 2.263-3 2.101-3
6509.7 1.203-3 1.673-3 2.170-3 2.573-3 2.771-3 2.743-3 2.567-3 2.346-3 2.153-3 1.799-3 1.653-3
6640.8 2.409-3 2.326-3 2.234-3 2.184-3 2.187-3 2.249-3 2.343-3 2.441-3 2.519-3 2.606-3 2.506-3
6721.1 4.627-3 4.468-3 4.292-3 4.196-3 4.202-3 4.320-3 4.502-3 4.690-3 4.839-3 5.006-3 4.815-3
6869.4 1.040-3 1.155-3 1.284-3 1.397-3 1.468-3 1.487-3 1.469-3 1.436-3 1.405-3 1.340-3 1.292-3
6884.9 2.520-3 2.343-3 2.119-3 1.871-3 1.630-3 1.420-3 1.255-3 1.136-3 1.056-3 9.430-4 9.084-4
6895.0 2.401-3 2.685-3 3.155-3 3.861-3 4.824-3 5.961-3 7.096-3 8.062-3 8.778-3 9.770-3 9.517-3
6906.5 4.984-3 5.536-3 6.152-3 6.697-3 7.036-3 7.129-3 7.042-3 6.884-3 6.731-3 6.424-3 6.193-3
6907.8 7.714-3 6.994-3 6.100-3 5.142-3 4.252-3 3.526-3 2.989-3 2.624-3 2.390-3 2.077-3 2.005-3
6910.5 1.024-2 9.525-3 8.613-3 7.606-3 6.626-3 5.775-3 5.104-3 4.620-3 4.295-3 3.834-3 3.693-3
7151.1 1.372-3 1.543-3 1.819-3 2.231-3 2.786-3 3.432-3 4.073-3 4.616-3 5.019-3 5.619-3 5.703-3
9929.9 1.799-3 1.860-3 2.036-3 2.113-3 2.265-3 2.460-3 2.670-3 2.852-3 2.985-3 3.077-3 2.759-3
9959.3 2.974-3 3.817-3 4.668-3 5.303-3 5.546-3 5.385-3 4.975-3 4.509-3 4.112-3 3.373-3 3.044-3
9962.6 4.354-3 5.587-3 6.826-3 7.744-3 8.087-3 7.843-3 7.239-3 6.556-3 5.975-3 4.890-3 4.401-3
9982.4 7.163-3 6.854-3 6.599-3 6.333-3 6.341-3 6.623-3 7.064-3 7.499-3 7.833-3 8.075-3 7.268-3
9988.5 6.104-3 5.838-3 5.634-3 5.413-3 5.433-3 5.688-3 6.077-3 6.457-3 6.748-3 6.958-3 6.255-3
9989.6 2.170-3 2.797-3 3.432-3 3.907-3 4.092-3 3.978-3 3.680-3 3.340-3 3.049-3 2.504-3 2.255-3
9990.3 2.969-3 3.808-3 4.654-3 5.282-3 5.521-3 5.361-3 4.955-3 4.495-3 4.102-3 3.366-3 3.029-3
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9 /2-  4f(4G»/2)
Table 6.8: continued
Transition 2 2.25 2.5 2.75
Log N e (cm 
3 3.25
- 3)
3.5 3.75 4 5 6
5g(4G |/2) -  4f(«G?/2) 10010.8 4.551-3 5.818-3 7.088-3 8.029-3 8.378-3 8.123-3 7.499-3 6.794-3 6.195-3 5.075-3 4.568-3
5g(4G |/2) -  4f(4F°/2) 10073.9 1.094-3 1.154-3 1.274-3 1.336-3 1.434-3 1.555-3 1.685-3 1.798-3 1.880-3 1.938-3 1.745-3
5g(4G?/2) -  4f(4F j/2) 10077.9 2.022-3 2.144-3 2.354-3 2.473-3 2.619-3 2.770-3 2.915-3 3.031-3 3.111-3 3.118-3 2.797-3
5g(4G |/2) -  4f(4F?/2) 10098.5 2.716-3 2.803-3 3.020-3 3.111-3 3.293-3 3.536-3 3.804-3 4.039-3 4.211-3 4.321-3 3.884-3
5g(4G fi/2) -  4f(4F»/2) 10110.3 3.890-3 3.897-3 4.001-3 4.060-3 4.255-3 4.566-3 4.934-3 5.266-3 5.514-3 5.696-3 5.129-3
5g(4G '/2) -  4f(4F"/2) 10117.7 5.355-3 4.874-3 4.295-3 3.958-3 3.808-3 3.876-3 4.076-3 4.299-3 4.477-3 4.602-3 4.139-3
4d(4D |/2) -  4p(4D»/2) 11116.4 2.810-3 2.578-3 2.290-3 1.980-3 1.691-3 1.453-3 1.276-3 1.155-3 1.077-3 9.699-4 9.364-4
4d(4P j/2) -  4p(4P j/2) 11558.4 1.972-3 2.229-3 2.577-3 3.004-3 3.482-3 3.968-3 4.407-3 4.759-3 5.010-3 5.332-3 5.169-3
4d(4D |/2) -  4p(4S»/2) 11618.3 1.323-2 1.213-2 1.078-2 9.319-3 7.959-3 6.840-3 6.007-3 5.437-3 5.069-3 4.565-3 4.407-3
4d(4Dj/2) -  4p(4S»/2) 11638.6 1.131-3 1.137-3 1.136-3 1.119-3 1.081-3 1.027-3 9.656-4 9.111-4 8.694-4 8.018-4 7.728-4
4d(4F 2/2) -  4p(4Dj/2) 11656.0 4.988-3 6.573-3 8.387-3 1.007-2 1.126-2 1.183-2 1.190-2 1.172-2 1.150-2 1.099-2 1.061-2
4d(4F '/2) -  4p(4Dj/2) 11663.0 1.772-2 1.664-2 1.524-2 1.365-2 1.204-2 1.058-2 9.377-3 8.482-3 7.869-3 6.991-3 6.744-3
4d(4F*/2) -  4p(4D°/2) 11666.2 1.413-2 1.277-2 1.108-2 9.271-3 7.599-3 6.238-3 5.239-3 4.562-3 4.130-3 3.557-3 3.435-3
4d(4D*/2) -  4p(4P°/2) 11677.1 1.626-3 1.635-3 1.633-3 1.609-3 1.555-3 1.476-3 1.389-3 1.310-3 1.250-3 1.153-3 1.111-3
4d(4F '/2) - 4 p ( 4D?/2) 11677.4 3.633-3 3.925-3 4.526-3 5.574-3 7.170-3 9.178-3 1.126-2 1.307-2 1.442-2 1.635-2 1.598-2
4d(4F |/2) -  4p(4Dj/2) 11732.2 4.956-3 4.478-3 3.886-3 3.252-3 2.665-3 2.188-3 1.838-3 1.600-3 1.449-3 1.248-3 1.205-3
4d(4F |/2) -  4p(4D»/2) 11782.0 4.532-3 4.255-3 3.897-3 3.490-3 3.078-3 2.705-3 2.398-3 2.169-3 2.012-3 1.788-3 1.725-3
4p(4D°/2) -  4s(4P j/2) 13906.0 3.427-3 3.187-3 2.882-3 2.545-3 2.217-3 1.932-3 1.708-3 1.546-3 1.437-3 1.283-3 1.236-3
4p(4D»/2) -  4s(4P |/2) 13941.9 2.429-3 2.699-3 2.999-3 3.265-3 3.430-3 3.475-3 3.433-3 3.356-3 3.281-3 3.132-3 3.019-3
4p(4D“/2) -  4s(4P ' /2) 13999.9 3.219-3 2.919-3 2.546-3 2.146-3 1.775-3 1.471-3 1.248-3 1.095-3 9.975-4 8.670-4 8.367-4
4P(4D?/2) -  4s(4P*/2) 14010.8 1.262-3 1.411-3 1.659-3 2.029-3 2.535-3 3.133-3 3.730-3 4.237-3 4.613-3 5.135-3 5.002-3
4p(4D»/2) -  4s(4P |/2) 14112.3 2.544-3 2.366-3 2.139-3 1.889-3 1.646-3 1.434-3 1.268-3 1.148-3 1.067-3 9.523-4 9.174-4
6S(4Gn/2) -  5f(4G»/2) 18432.6 1.009-3 1.403-3 1.820-3 2.158-3 2.324-3 2.301-3 2.153-3 1.968-3 1.806-3 1.509-3 1.387-3
6.5 R esults
6 .5 .4  T o ta l r eco m b in a tio n  co effic ien ts  o f  O n
Zatsarinny et al. [112] and N ahar [58] presented to ta l recombination coefficients for O II.
an L S -coupling R-m atrix trea tm ent for all oxygen ions, generating energies, oscillator 
strengths and photoionisation cross-sections which I compare to the results in this work 
in chapter 5. Zatsarinny et al. presented results of L S  and intermediate coupling 
calculations for the carbon isoelectronic sequence, including 0 2+. The intermediate 
coupling work pays particular atten tion  to the effects of low tem perature dielectronic 
recombination due to  resonances near the ionisation limit, as we have in this work. They 
also make a comparison of their result for Fe20+ to the storage ring experiments of Savin 
et al. [75], finding good agreement.
Figure 6.4: Total recombination coefficients for O II as a function of electron temperature (eV) 
for two electron densities. The work of Nahar [58] (LS coupling, dotted line) and Zatsarinny et 
al. [112] (LS coupling radiative only, dashed line: MCBP intermediate coupling radiative and 
dielectronic, solid line).
In figure 6 .4 ,1 present a comparison of th is work w ith these calculations. Nahar presented
T 1----1 I I I  I | T 1----1 I I I I |
OO
  Zatsarinny 04 RR
  Zatsarinny 04 MCBP IC
o This Work (log(Ne) = 2)
o This Work (log(Ne) = 5)
10.-3 Nahar 99






In this chapter, I presented calculations of 0 + state populations made at a range of neb­
ular densities and tem peratures. This included explanations of the various techniques 
and approxim ations used to model the processes im portant in the 0 + state population 
structure, heavily adapting and extending the methods used by workers like Hummer 
and Storey [41] (hydrogenic only) and Storey [93]. Notably and for the first time, these 
calculations were performed in interm ediate coupling and included the non-statistical 
populations of the 3P parent states. These calculations give new effective recombination 
coefficients and transition probabilities, which should give a much better fit to observa­
tions than previously achieved. I present wavelength tables which should have a high 
accuracy since experim ental energies are used where available.
Comparisons are made with previous work th a t show good agreement under condi­
tions where previous work is still applicable (e.g. at high electron densities). In chapter 
7, I will present an application of the da ta  derived in this chapter and will show that 




Chapter /  ________________________
Astrophysical Application
7.1 Introduction
In chapters 4 and 6, I presented a listing of calculated wavelengths and effective recom­
bination coefficients for C II and O n  at nebular electron densities and temperatures. 
These results were compared to previous calculations to give an assessment of their ac­
curacy. As discussed in the introduction to this work, accurate atomic data  is one of 
the key elements to the work of researchers in astrophysics. In this chapter, I discuss 
a number of applications of this work to astrophysical objects. Firstly I will use the 
C II data to provide a measure of the recombination line electron tem perature for a 
number of galactic planetary nebulae. Secondly, I will describe and use a new method 
for obtaining the electron density for low density planetary nebulae and H II regions, 
using the O II data, and also derive O II abundances.
7.2 Electron Tem perature from O ptical Recom bination  
Lines in P lanetary N ebulae
The study of photoionised nebulae has classically relied on spectroscopic observations 
of the strong collisionally-excited forbidden lines (e.g. [66]). From these observations, 
properties such as elemental abundances, electron tem peratures and electron densities 
can be derived, providing a vital tool in the study of the conditions within and without 
our Galaxy. There are however problems with using these lines in tha t the elemental
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abundances derived are exponentially sensitive to electron tem perature in the emitting 
region [73].
In the past few decades w ith increasingly sensitive observations, metal optical recom­
bination lines have become accessible to researchers. These lines usually have a weak 
and consistent dependence on electron tem perature, and in most cases have a small sen­
sitivity to electron density (see section 7.3 for a case were this is definitely not true). 
W ith these properties in mind, the nebular properties derived from these lines should 
be more reliable than  those derived with the forbidden lines.
W ith the advent of these two independent methods for deriving nebular properties, 
a problem has emerged in th a t the abundances derived from metal recombination lines 
is seen to be consistently higher to varying degrees than th a t derived by the UV and 
optical observations of forbidden lines (e.g. [9]). This problem has remained unsolved 
thus far. In the last decade, a number of extremely high resolution observations have 
been published (e.g. [49], [50], [48], [52], [51], [37], [74], [101], [102], [68], [85], [105]), all 
showing systematically higher metal abundances and lower electron tem peratures from 
metal recombination lines for almost all planetary nebulae, with some objects showing 
an order of m agnitude difference between the two types of observed lines.
There have been a number of proposed models th a t hope to solve this discrepancy, 
including Liu et al. [50] suggesting th a t there are ’clum ps’ of metal-rich material dis­
tributed throughout planetary nebulae, and Stansinska and Szczerba [89] proposing re­
gions of high dust concentration.
The later model gives the possibility of nebular electron tem peratures significantly 
above 20000K, at which point high tem perature dielectronic recombination would be­
come an im portant contribution to the to tal recombination of C II. As I mentioned 
earlier in this work, this effect is not currently treated in the available atomic data for 
C II (e.g. [28]). W ith the inclusion of this effect in the effective recombination coef­
ficients presented earlier, we can now attem pt to derive electron tem peratures for the 
metal recombination line em itting regions of a number of planetary nebulae, using a 
combination of previously published line intensities and my own measurements of the 
C II line intensities for three galactic planetary nebulae (NGC 6153, Ml-42 and M2-36).
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7.2.1 R e su lts
I use five C n  optical recom bination lines (A4267, A5342, A6151, A6462 and A9903) 
and one C II UV line (A1335) to determ ine the electron tem perature of six planetary 
nebulae. Intensities for these lines are commonly available for many objects in previous 
work in the subject. In particular, the A4267 1ine is the strongest of all the available 
metal recom bination lines and is often used as an abundance measure. I also measured 
line intensities for the optical lines in three planetary nebulae showing large abundance 
discrepancies (NGC 6153, M l-42 and M2-36). An example of these lines and their 
accompanying Gaussian fits are given in figure 7.1. These spectra were obtained at the 
European Southern Observatory, La Scilla in 1996 and 1997 [50], [48].
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7.2 E lectron Tem perature from  O ptical Recom bination
Lines in P lanetary  N ebulae
In table 7.1, I give the effective recombination coefficients derived in this work for 
the six lines used in the analysis in the tem perature range from 500K to 50000K. W ith 
these results, we are now able to  derive theoretical tem perature dependent line ratios, 
using the equation,
£7 _  a j^i (j
Ol i A j
where t i j  are emissivities, a i j  are effective recombination coefficients and Ai j  are the 
line wavelengths. These line ratios are given in table 7.2 over the same tem perature 
range as before. I also present a plot of this da ta  7.2 to help visualise the dependence 
of the line ratios to tem perature.
Table 7.1: C 11 Effective Recombination Coefficients







500 187.827 467.210 24.915 16.695 67.939 332.118
1000 246.627 250.994 14.142 9.935 37.479 171.983
2500 733.357 109.186 6.680 5.121 16.853 69.807
5000 687.850 55.815 3.608 3.017 8.734 33.381
7500 530.563 36.814 2.439 2.162 5.767 21.088
10000 420.337 27.154 1.821 1.687 4.238 15.060
12500 347.751 21.985 1.472 1.414 3.390 11.859
15000 299.675 20.982 1.371 1.353 3.141 11.116
20000 250.002 36.829 2.241 2.224 5.171 20.120
25000 240.204 81.190 4.848 4.722 11.241 46.213
30000 254.055 148.455 8.859 8.535 20.562 86.334
35000 278.743 226.868 13.560 12.985 31.479 133.530
40000 309.465 306.730 18.356 17.521 42.601 181.843
45000 340.816 381.261 22.834 21.749 52.979 227.163
50000 363.115 446.821 26.771 25.445 62.118 267.335
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Table 7.2: C II Line Ratios
Line Ratios










500 0.775 23.477 10.414 40.343 3.265
1000 0.317 22.220 10.141 36.420 3.387
2500 0.046 20.464 9.811 30.734 3.630
5000 0.025 19.368 9.677 26.667 3.881
7500 0.021 18.896 9.666 24.546 4.051
10000 0.020 18.669 9.702 23.206 4.185
12500 0.020 18.699 9.821 22.418 4.303
15000 0.022 19.166 10.114 22.354 4.381
20000 0.046 20.575 10.786 23.875 4.248
25000 0.105 20.967 10.938 24.786 4.077
30000 0.181 20.980 10.933 25.073 3.991
35000 0.252 20.946 10.914 25.187 3.943
40000 0.307 20.920 10.903 25.236 3.915
45000 0.346 20.904 10.898 25.271 3.895
50000 0.381 20.896 10.893 25.315 3.879
By comparing the theoretical intensity ratios with the observed ratios, we can now 
determine an electron tem perature for each planetary nebula in turn. In each case, I 
compare the derived tem perature w ith the previously derived tem perature from other 
methods (e.g. collisionally-excited forbidden lines, the Balmer decrement).
NGC 6153
NGC 6153 is studied in great detail by Liu et al. [50]. Liu et al. [50] present metal 
abundances which are consistently about 10 times higher than  those obtained from its 
collisionally-excited forbiden lines. Specifically, the derived oxygen abundance is 6 times 
solar and the neon abundance is 16 times solar. Liu et al. therefore assert tha t NGC 
6153 belongs to a class of super-m etal rich objects. They also present an extensive study 
of the possible solutions for the abundance discrepancies, showing the ’clumpy’ model 
to present the best and most consistent model for the available data. The electron 
tem perature derived from the Balmer jum p tem perature is 6000K, 2000-3000K lower
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than the [O in] tem perature, and the electron density is shown to be between 2000-4000 
cm-3 for both the Balmer line decrement and the optical and IR forbidden lines. In table 
7.3, I present the observed line ratios for the C II lines, along with the derived electron 
tem perature from the da ta  in this work. The errors are taken to be those presented by 
Liu et al. and provide upper and lower limits when making tem perature measurements 
from the theoretical da ta  presented in this work. Of note is the high tem perature solution 
for the X6ifl intensity ratio, mainly due to the inclusion of high tem perature dielectronic 
recombination in the C II work. The absence of high tem perature solutions for the other 
ratios leads to the conclusion th a t the low tem perature solution is correct.
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Table 7.3: Observed C II line intensities, ratios to A4267 and derived electron tem perature 
for NGC 6153 (Minor axis)
Wavelength
Observed 
Intensity (H/3=100) 7A4267A T e (K)
3920 0.085 29.6 ±1.7 4800 ±500 
40000 ±4000
4267 2.510 1.0 -
5342 0.115 21.8 ±1.2 1200 ±500
6151 0.101 24.9 ±0.9 7000 ±800 
25700 ±6000
6462 0.241 10.4 ±0.6 500K (large error bar)
9903 0.830 3.02 ±0.05 <500K (large error bar)
In table 7.4, I present the electron tem perature derived for NGC 6153 from various 
methods [50]. By comparing, the various C II ratios w ith the theoretical data, I obtain 
a mean electron tem perature for C II of 2800K.
Table 7.4: Derived electron tem peratures for NGC 6153 (Minor axis) from various tech­
niques.




[Ar i l l ] (A4740/A471 l ) a 9400
Balmer Jum pa 6080
C II ORLs (Range)6 500-7000
C II ORLs (M ean)6 2800
References for diagnostics : a. Liu et al. 2000 [50], b. This work
M l-42
The Galactic bulge planetary nebula, Ml-42, is studied by Liu et al. [46]. In table 7.5, 
I present the observed line ratios for the C II lines. The errors are taken to be those
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presented by Liu et al. and provide upper and lower limits when making tem perature 
measurements from the theoretical d a ta  presented in this work. They observe metal 
abundances 20 times higher from recom bination lines than  from collisionally-excited 
forbidden lines. They observe a tem perature from [O ill] forbidden lines of 9220K and a 
Balmer jum p tem perature of 3560K, one of the largest discrepancies observed in galactic 
planetary nebulae.




Intensity (H/3=100) hi2Qlh T e (K)
3920 0.053 48.1 ±3.1 2000 ±300
4267 2.551 1.0 -
5342 0.236 10.8 ±1.3 No Tem perature
In table 7.6, I present the electron tem perature derived for M l-42 from various m eth­
ods [46]. By comparing, the various C n ratios with the theoretical data, I obtain a mean 
electron tem perature for C II of 2000K.
Table 7.6: Derived electron tem peratures for M l-42 from various techniques.





Balmer Jum pa 3560
C II ORLs6 2000
References for diagnostics : a. Liu et al. 2001 [48], b. This work
M2-36
M2-36 is studied in the same paper as M l-42 by Liu et al. [46]. In table 7 .7 ,1 present the 
observed line ratios for the C n lines. Again, the errors are taken to be those presented by 
Liu et al. and provide upper and lower limits when making tem perature measurements
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from the theoretical d a ta  presented in this work. M2-36 is observed to have a metal 
abundance from recom bination lines th a t is 5 times th a t from the collisionally-excited 
lines. The observed Balmer jum p tem perature is 5900K and the tem perature from [O ill] 
is 8380K. As with NGC 6153, I derive both  high and low tem perature solutions for the 
C II electron tem peratures. The greater consistency of the derived low temperatures, 
although not perfect, implies th a t the low tem perature solution is the reality.




Intensity (H/3=100) I\ 4267h Te (K)
3920 0.073 33.8 ±1.7 3800 ±300 
>50000 (large error)
4267 2.471 1.0 -
5342 0.125 19.8 ±3.9 3900 (large error) 
17000 (large error)
6151 0.110 22.5 ±4.9 12300 (large error) 
>50000 (large error)
6462 0.241 10.3 ±2.9 740 (large error) 
16000 (large error)
In table 7.8, I present the electron tem perature derived for M2-36 from various m eth­
ods [46]. By comparing, the various C n ratios with the theoretical data, I obtain a mean 
electron tem perature for C II of 2800K.
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Table 7.8: Derived electron tem peratures for M2-36 from various techniques.
M ethod Te (K)
[O h i ] (A4959±A5007/ A4363)a 8380
[N n](A 6548±A6584/A5754)a 9260
[O n](A3729/A3726)a 16850
[Ne m ](15.5/im /A 3868)a 6850
Balmer Jum p0 5900
C II ORLs (Range)6 740-3900
C ii ORLs (M ean)6 2800
References for diagnostics : a. Liu et al. 2001 [48], b. This work
H f 2-2
In respect of its metal adundance, the most extreme planetary nebula currently known 
is treated by Liu et al. [47], following up observations by Kaler [42]. In table 7.9, I 
present the observed line ratios for the C II lines. The observed metal abundances are 
a factor of 70 times larger than  those derived from collisionally-excited forbidden lines. 
They also observe a very low Balmer jum p tem perature (~900K) when compared to the 
collisonally-excited tem perature of 8820K.
Table 7.9: Observed C II line intensities, ratios to A4267 and derived electron tem perature 
for Hf 2-2
Observed
Wavelength Intensity (H/3=100) I^jzsz T e (K)
4267 7.60 1.0
5342 0.31 24.5 ±7.2 <500 (large error)
6462 0.74 10.3 ±1.0 700 (large error)
16000 (large error)
In table 7.10, I present the electron tem perature derived for Hf 2-2 from various 
methods [47]. By comparing, the various C n ratios with the theoretical data, I obtain 
a mean electron tem perature for C n of < 600K.
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Table 7.10: Derived electron tem peratures for Hf2-2 from various techniques.
M ethod T e (K)
[O h i] (A4959+A5007/ A4363)a 8740
[N n](A6548±A6584/A5754)a 14460
Balmer Jum pa 930
He I ORLs (A6678/A4471)0 940-1170
C II ORLs (Range)6 <500-700
C II ORLs (M ean)6 <600
References for diagnostics : a. Liu et al. 2006 [47], b. This work
NGC 7027
Zhang et al. [114] present high resolution spectroscopic observations of the bright, young 
planetary nebula, NGC 7027. In earlier work, Baluteau et al. [8] presented a spectro­
scopic study of NGC 7027 covering the red part of the optical spectrum  and the near 
infrared, allowing us to use a num ber of other im portant C n lines in our analysis (e.g. 
A9903). In table 7.11, I present the observed line ratios for the C II lines. Both spectra 
show this object has no strong discrepancy between the metal abundances derived from 
the optical recombination lines and the collisionally-excited forbidden lines. Zhang et 
al. derive an electron tem perature of 12600K and an electron density of 47000 cm-3 .




Intensity (H/3=100) -L.4267L T e (K)
3920 0.034 16.9 ±1.1 10800 ±900 
22600 ±1000
4267 0.575 1.0 -
5342 0.034 16.9 ±3.4 10200 ±6000
6151 0.028 20.5 ±4.1 14900 ±8000
6462 0.060 9.6 ±0.5 7500K (large error)
9903 0.123 4.7 ±0.7 15700 ±10000
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In table 7.12, I present the electron tem perature derived for NGC 7027 from various 
methods [114]. By comparing, the various C n ratios with the theoretical data, I obtain 
a mean electron tem perature for C II of 11800K, which is in excellent agreement with 
the other tem perature diagnostics. In the discussion at the end of this section, I also 
present a plot of the A4267/A3920 theoretical intensity ratio against electron tem pera­
ture, including this result and contrasting it with two of the planetary nebulae showing 
abundance discrepancies, NGC 6153 and M2-36.
Table 7.12: Derived electron tem peratures for NGC 7027 from various techniques.




[O hi](A4959+A5007/ A4363)a 14700
Balmer Jum pa 12800
He I ORLs (A6678/A4471)a 8800-12700
C ii ORLs (Range)6 7500-15700
C II ORLs (M ean)6 11800
References for diagnostics : a. Zhang et al. 2005 [113], b. This work
NGC 3242
NGC 3242 was studied by Tsam is et al. [100]. In this work, they present observations of 
a number of planetary nebulae, observations I will discuss in the O II density treatm ent 
in the electron density section below. In table 7.13, I present the observed line ratios for 
the C II lines. For NGC 3242, the electron tem perature derived from the Balmer jum p 
tem perature is 10200K, and the [O hi] tem perature is 11700K. The electron density is 
shown to be between 775 and 1970 cm-3 for optical and IR forbidden lines. The metal 
abundance from recombination lines is shown to be on average 2.2 times tha t from the 
forbidden lines in a follow-up paper by Tsam is et al. [102].
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Intensity (H/3=100) / A42fi7I\ T e (K)
4267 0.620 1.0 -
5342 0.040 15.4 ±5.4 10100 ±8000
6151 0.019 33.3 ±11.7 1640K (large error)
6462 0.063 9.8 ±2.5 2600K (large error)
12200K (large error)
In table 7.14, I present the electron tem perature derived for NGC 3242 from various 
methods [100]. By comparing, the various C II ratios w ith the theoretical data, I obtain 
a mean electron tem perature for C II of 4800K.
Table 7.14: Derived electron tem peratures for NGC 3242 from various techniques.




[O III] (A4959+A5007/ A4363)a 11700
Balmer Jum pa 10200
[O Ill]/Ha 13800
[O III]^  n la 12400
O ii ORLs* 2600
C II ORLs (Range)* 1640-10100
C II ORLs (Mean)* 4800
References for diagnostics : a. Tsamis et al. 2003 [100], b. This work 
7.2 .2  D iscu ssio n
The technique of using the weak tem perature sensitivity of recombination lines to de­
termine electron tem peratures for planetary nebulae has been used a number of times. 
Zhang et al. [113] use He I to derive electron tem peratures for five planetary nebulae
239
7.2 E lectron T em perature from  O ptical R ecom bination
Lines in P lanetary  N ebulae
with large abundance discrepancies. They found th a t both T e(He i) and the ratio of 
T e(He l) /T e([0 III]) decrease system atically w ith increasing abundance discrepancy.
A similar treatm ent was performed by Tsam is et al. [102], using O II lines in such a 
way as to attem pt to negate the low density effects of non-statistical parent populations 
(see O II work in this thesis). They found a similar effect to the Liu et al. work, 
with those planetary nebulae w ith the largest abundance discrepancies, showing the 
lowest tem peratures from O II. They suggest this provides further evidence for the likely 
presence of ultracold plasm a regions in many planetary nebulae.
W ith this new da ta  for C II, I have presented a similar analysis to previous attem pts 
to use recombination lines to measure tem perature. In figure 7.3, I plot the A4267/A3920 
theoretical intensity ratio  against electron tem perature. I overlay this with the observed 
intensity ratios for two planetary nebulae showing large abundance discrepancies (NGC 
6153, M2-36) and NGC 7027 showing a relatively small abundance discrepancy.
The general picture is th a t those planetary nebulae showing strong abundance dis­
crepancies show T e(C n )< T e(B J)< T e(CEL). The agreement between the C n tem per­
atures and those from other metal recom bination lines (e.g. the O II work of Tsamis et 
al. [102]) appears to be good where available. This discrepancy cannot be accounted 
for by the tem perature fluctuations suggested for example by Ruiz et al. [74] and Pe- 
imbert et al. [68]. However, the weak tem perature sensitivity of many of these C II 
emissivity ratios means th a t the errors on these tem perature measurements are often 
large. Also, the high tem perature solutions observed for some ratios, due to including 
high tem perature dielectronic recombination, provide another problem when trying to 
model planetary nebulae. The lack of consistency in these high tem perature solutions 
indicates they are unlikely to  be the true nebular conditions. A definitive solution to the 
abundance problem remains a challenging target, one which requires greater accuracy 
in future observations to make best use of this new data.
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Figure 7.3: The A4267/A3920 theoretical intensity ratio against electron temperature, including 
observations for two planetary nebulae showing abundance discrepancies (NGC 6153, M2-36) and 
one with a small abundance discrepancy (NGC 7027). The boxes show the observed intensity 
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7.3 T he O n R ecom bination  Line Problem  in Low D ensity  
N ebulae
The O II radiative recom bination spectrum  of both  H II regions and planetary nebulae 
has been the subject of much study since the m etal radiative recombination lines became 
available to researchers. W ith  the lowest parent term  of singly ionised oxygen being a 
triplet, the observed spectrum  of O I I  is far more complex than  tha t of C II mentioned 
above, making its study and observation a more challenging task.
The best theoretical O I I  da ta  currently available is th a t of Storey [93]. This work 
provides term-averaged effective recom bination coefficients calculated under the assump­
tion tha t LS-coupling is sufficient to describe the recom bination spectrum  of O II.  In 
this case, the population distribution of the O I II  parent levels ( 3 P o , i , 2 )  has no effect on 
the recombination rates in O II.
In addition to the observed discrepancy with collisionally-excited forbidden line abun- 
dancies discussed in the previous section, a number of groups have shown in recent years 
that the observed line strengths of O II  can show large discrepancies with those predicted 
by theory in both  planetary nebulae and H n regions (e.g. [102], [74], [50], [7]). The ob­
served line intensities w ithin O II  m ultiplets are often found to strongly differ from those 
predicted by a statistical d istribution of flux, this effect showing a strong correlation to 
the derived electron density of an object. This is dem onstrated effectively by Ruiz et 
al. [74], plotting the fractional m ultiplet intensity of the A4649.13 (J —5/2 — 7/2) line, 
the strongest component of the VI m ultiplet, for a number of galactic nebulae against 
the electron density derived from the [Cl hi] I(A8500)/I(A5518 +  A5538) forbidden line 
ratio. I show this plot in figure 7.4, including additional da ta  where available from the 
analysis below.
The proposed solution to this is th a t at low electron density, the population of the 
parent O ill levels are no longer well treated  by assuming a statistical parent population 
structure. Where this occurs and LS-coupling no longer serves as a valid approximation, 
the total recombination to a particular O II state  becomes a function of the population 
distribution among the parent levels. However to trea t this problem correctly, one must 
move from the term-averaged, LS-coupling previously used by Storey [93] to a full inter­
mediate coupling treatm ent to account for the non-statistical parent populations. W ith 
the inclusion of this full treatm ent in the O II capture-cascade problem presented in 
chapter 6, I will now dem onstrate th a t we have both an improved theoretical treatm ent
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Figure 7.4: T h e electron  d en sity  derived  from  th e [Cl III] forbbiden line against the fractional 
in tensity o f the A4649 com ponent o f th e  O II V I  m ultip let, for a  sam ple of H II regions and 
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of the O II recombination spectrum , and a powerful new tool for measuring the electron 
density in low density photoionised nebulae in our Galaxy and further afield.
7.3.1 R esu lts
I use seven O I I  optical recombination lines (A4638, A4641, A4649, A4650, A4661, A4673 
and A4676), all from the VI multiplet, to  determine the electron tem perature of 16 
planetary nebulae and 8 H II  regions. The O II  V I multiplet is the strongest O II  
multiplet and comes from the 3s4P-3p4D° transition. It is observed in many photoionised 
nebulae and does not coincide with any strong forbidden lines or hydrogen recombination 
lines. High resolution spectra th a t observe this multiplet, are readily available for many 
objects. The A4649 line is ordinarily the strongest of all the available O I I  recombination 
lines and has been used in the past as an abundance measure (e.g. [106]). I show an 
example of the VI m ultiplet in figure 7.5, along with Gaussian fits of the various lines
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in the spectrum, colour-coded by species. This spectrum is the same used above in the 
C II analysis of M2-36 [48].
Figure 7.5: T h e O II V I m ultip let in th e  p lanetary nebula, M 2-36 w ith  a  G aussian fit o f all lines, 
colour coded by species
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In table 7.15, I give the effective recombination coefficients derived in this work 
for the seven VI multiplet components used in the analysis in the density range from 
102 cm-3 to 107 cm-3 , in this case for 10000K. W ith these results, we can now
generate theoretical density and tem perature dependent fractional multiplet intensities. 
These fractional multiplet intensities are given in table 7.16 over the same density range 
as before.
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Table 7.15: O H VI Effective Recombination Coefficients at 10000K
Ne (cm 3) A4638 A4641




h ~ l )
A4661 A4673 A4676
1 x 102 7.422 6.891 5.849 9.355 7.798 1.535 2.133
2 x 102 6.891 7.793 6.249 8.329 7.240 1.367 2.412
4 x 102 6.195 8.679 6.980 7.073 6.509 1.161 2.687
6 x 102 5.751 9.065 7.607 6.326 6.042 1.038 2.806
8 x 102 5.436 9.250 8.152 5.824 5.712 0.956 2.863
1 x 103 5.198 9.339 8.625 5.460 5.461 0.896 2.891
2 x 103 4.531 9.354 10.229 4.519 4.760 0.741 2.896
4 x 103 4.025 9.147 11.730 3.874 4.229 0.636 2.831
6 x 103 3.809 9.007 12.440 3.617 4.002 0.593 2.788
8 x 103 3.687 8.912 12.852 3.476 3.874 0.570 2.759
1 x 104 3.609 8.846 13.119 3.387 3.791 0.556 2.738
2 x 104 3.439 8.690 13.705 3.199 3.613 0.525 2.690
4 x 104 3.341 8.584 14.009 3.095 3.510 0.508 2.657
6 x 104 3.306 8.542 14.106 3.058 3.474 0.502 2.644
8 x 104 3.284 8.511 14.140 3.036 3.451 0.498 2.635
1 x 105 3.272 8.492 14.158 3.024 3.438 0.496 2.629
2 x 105 3.243 8.434 14.107 2.992 3.406 0.491 2.603
4 x 105 3.208 8.361 14.066 2.964 3.370 0.486 2.588
6 x 105 3.189 8.315 13.993 2.949 3.351 0.484 2.574
8 x 105 3.180 8.288 13.944 2.941 3.341 0.483 2.566
1 x 106 3.165 8.241 13.886 2.932 3.326 0.481 2.551
2 x 106 3.146 8.185 13.770 2.916 3.305 0.478 2.534
4 x 106 3.132 8.142 13.672 2.904 3.291 0.477 2.520
6 x 106 3.126 8.123 13.627 2.900 3.285 0.476 2.515
8 x 106 3.123 8.113 13.601 2.898 3.282 0.475 2.512
1 x 107 3.122 8.108 13.585 2.897 3.280 0.475 2.510
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Table 7.16: O II  VI Fractional M ultiplet Line Intensities at 10000K
Fractional M ultiplet Intensities 
Ne (cm "3) A4638 A4641 A4649 A4650 A4661 A4673 A4676
1 x 102
2 x 102 
4 x 102 
6 x 102 
8 x 102
1 x 103
2 x 103 
4 x 103 
6 x 103 
8 x 103
1 x 104
2 x 104 
4 x 104 
6 x 104 
8 x 104
1 x 105
2 x 105 
4 x 105 
6 x 105 
8 x 105
1 x 106
2 x 106 
4 x 106 
6 x 106 
























































































































































































In figures 7.6 and 7.7, I show the fractional m ultiplet intensities for the seven compo­
nents of the O II VI multiplet derived in this work in the density range from 102 cm-3 
to 107 cm-3 , for 10000K and 1000K. In the 10000K case, the effect of the non-statistical
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parent populations of 0 2+ is clearly visible, showing the improvement this work makes 
for low density, ’norm al’ tem perature nebulae. The effect of dielectronic recombination 
onto states within the fine-structure ground state  of 0 2+ is im portant in the 1000K 
figure, resulting in the fractional intensities being closer to statistical. This effect is 




































7.3 The O II R ecom bination Line Problem  in Low D ensity Nebulae
Figure 7.6: O II V I fractional m ultip let in tensities at 10000K.
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Figure 7.7: O II V I fractional m ultip let in tensities at 1000K.
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By performing a least squares fit of the components of the O II VI multiplet between 
the theoretically derived fractional intensities and the observed values, we can now derive 
O II electron densities for samples of bo th  planetary nebulae and H n regions. The fit is 
performed by minimising F t , given by,
fractional intensites.
P lanetary  N eb u lae
In table 7.17, I present the observed intensities for the O II VI m ultiplet for 16 planetary 
nebulae. This is a sample of planetary nebulae which includes those used by Ruiz et al.
[74] in their study of NGC 5307.
7
where / 0b s^ ) are °bserved fractional line intensites, and f ca\ c {i) are the theoretical
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Table 7.17: O bserved O n V I fractional m ultip let intensities for 16 planetary nebulae
Fractional M ultiplet Intensities
P lanetary Nebula A4638 A4641 A4649 A4650 A4661 A4673 A4676
NGC 3132° 0.128 0.210 0.203 0.150 0.142 0.074 0.094
SMC N87° 0.224 0.224 0.210 0.210 0.065 - 0.067
NGC 3918a 0.256 0.252 0.245 0.048 0.086 0.036 0.076
NGC 3242a 0.192 0.244 0.253 0.111 0.099 0.035 0.065
IC 4406a 0.192 0.278 0.274 0.101 0.104 - 0.051
LMC N141a 0.056 0.264 0.279 0.184 0.114 - 0.102
NGC 5307* 0.092 0.261 0.280 0.133 0.159 - 0.075
NGC 7009c 0.208 0.204 0.299 0.086 0.092 0.033 0.079
NGC 5882a 0.152 0.227 0.311 0.103 0.107 0.017 0.082
Hf 2-2d 0.119 0.249 0.311 0.142 0.120 0.009 0.049
NGC 2022a 0.094 0.328 0.328 0.080 0.098 - 0.069
M l-42e 0.130 0.216 0.330 0.100 0.116 0.025 0.082
NGC 5315^ 0.167 0.228 0.343 0.087 0.086 0.013 0.076
M2-366 0.134 0.210 0.349 0.095 0.111 0.021 0.080
NGC 6153^ 0.148 0.208 0.353 0.084 0.104 0.022 0.083
IC 4191° 0.175 0.145 0.414 0.084 0.104 - 0.078
References : a. Tsam is et al. 2003 [100], b. Ruiz et al. 2003 [74]
c. Liu et al. 1995 [49], d. Liu et al. 2005 [47]
e. Liu et al. 2001 [46], f. Peim bert et al. 2003 [67]
g. Liu et al. 2000 [50]
In table 7.18, I show the least-squares fit for the same sample of planetary nebulae. 
I neglect the A4693 component of the V I m ultiplet as it is often not observed due to its 
weak intensity, fitting the seven rem aining components of the O II VI multiplet.
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Table 7.18: D en sity  fits for 16 p lanetary nebulae
Diagnostic
P lanetary  Nebula [Ar iv] [Cl h i ] [S i i ] [O i i ] O II VI
NGC 3132 530 720 550 - 1050
SMC N87 9500 - 3950 2850 480
NGC 3918 6900 5500 4600 - 1500
NGC 3242 3040 1200 1970 - 1300
IC 4406 1250 3500 950 - 1900
LMC N141 9500 - 7400 2300 2930
NGC 5307 2920 2040 5450 2120 2730
NGC 7009 4630 3980 3430 3340 300
NGC 5882 5000 2700 4000 4750 3500
Hf 2-2 - - 360 1600 300
NGC 2022 2150 850 1050 1970 1130
Ml-42 610 1690 1220 1440 660
NGC 5315 12300 22825 8200 13040 5750
M2-36 4370 4830 3840 3880 1300
NGC 6153 3050 3540 3530 3340 1600
IC 4191 13750 12375 12750 13530 >100000
H ii R egions
In table 7.19, I present the observed intensities for the O II V I m ultiplet for 8 H II 
regions. These are the same H II regions used by Ruiz et al. [74], with the addition of S 
311 and NGC 3603.
Table 7.19: Observed O n  VI fractional m ultiplet intensities for 8 H II regions
Fractional M ultiplet Intensities 
H II region A4638 A4641 A4649 A4650 A4661 A4673 A4676
NGC 604a 0.242 0.182 0.152 0.242 0.182
30 Doradusb 0.174 0.232 0.174 0.174 0.153 0.033 0.061
S 311c 0.215 0.215 0.192 0.192 0.185
continued on next page
251
7.3 The O II R ecom bination  Line Problem  in Low D ensity Nebulae
Table 7.19: continued
Fractional M ultiplet Intensities
H II region A4638 A4641 A4649 A4650 A4661 A4673 A4676
M17b 0.163 0.234 0.212 0.134 0.160 - 0.097
M8d 0.153 0.200 0.247 0.163 0.163 - 0.074
NGC 3576e 0.131 0.234 0.258 0.123 0.160 0.023 0.071
NGC 3603c 0.095 0.219 0.288 0.144 0.186 - 0.067
Orionl-^ 0.119 0.213 0.323 0.108 0.142 0.023 0.073
Orion29 0.110 0.219 0.351 0.106 0.120 0.018 0.079
References : a. Esteban et al. 2002 [34], b. Tsam is et al. 2003 [101] 
c. Esteban et al. 2004 [32], d. Esteban et al. 1999 [33] 
e. Garcia-Rojas et al. 2004 [36], f. Esteban et al. 2004 [32] 
g. Baldwin et al. 2000 [7]
I present the electron densities derived using the least-squares fits technique, in table 
7.20, again neglecting the A4693 component.
Table 7.20: Density fits for 8 H II regions
Diagnostic
H II region [Ar i v ] [Cl m] [S i i ] [O i i ] O i i  VI
NGC 604 - 100 <100 - 120
30 Doradus 1800 480 390 370 420
S 311 - 550 360 260 290
M17 1500 1050 600 - 750
M8 - 2400 1900 1600 760
NGC 3576 1700 2700 1350 1300 670
NGC 3603 5150 - average for CEL 1700
O rionl 6800 9400 6500 6650 3540
Orion2 4910 6170 6410 4500 6600
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7 .3 .2  Io n ic  a b u n d a n c e s  fr o m  0 2+/ H +
In tables 7.21 and 7.22, I present derived abundances for the planetary nebula NGC 3242 
and the H II region 30 Doradus using the observed line intensities of Tsamis et al. [100] 
and Tsamis et al. [101] respectively. For NGC 3242, I present theoretical abundances 
for the plasm a conditions derived by Tsam is (2600K, 2000 cm -3 ) and also abundances 
under conditions th a t provide a best fit to the V I m ultiplet (4000K, 3500 cm -3 ). For 30 
Doradus, I present theoretical abundances for the plasm a conditions derived by Tsamis 
(10000K, 400 cm -3 ) which agree well w ith my best fit. In addition to the abundances 
derived from each individual line, the co-added intensities of lines w ithin each multiplet 
are used to derive an abundance for the m ultiplet. The 3d-4f lines are co-added to derive 
an abundance for the 3d-4f lines. In all bu t one of the m ultip let/line sets, I use the same 
lines as Tsamis to derive these co-added abundances.
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Table 7.21: 0 2+/H + recom bination line abundances in NGC 3242 a. Theoretical abun­
dances from this work, using Tsam is et al. [102] conditions, b. Theoretical abundances the 
conditions giving the best fit to  the V I m ultiplet.
Ao (A) M ult ^obs




4638.8 VI 0.1692: 15.9: 10.6: 10.6:
4641.9 VI 0.2152 8.00 6.05 5.71
4649.2 V I 0.2231 4.36 4.84 4.26
4650.8 VI 0.0979 9.18 6.38 6.45
4661.7 VI 0.0870 6.38 5.23 5.20
4673.8 VI 0.0304: 13.1: 12.1: 12.3:
4676.3 VI 0.0574 5.01 5.25 4.96
V I 3s 4P-3p4D° 6.02 5.02 5.09
4069.8 V10 0.1828 7.08 7.40 7.47
4072.0 V10 0.2153 8.95 6.42 6.17
4075.8 V10 0.1664 4.79 4.67 4.17
4078.8 V10 0.0213 5.81 3.41 3.53
4085.0 V10 0.0351 7.81 4.54 4.59
4092.8 V10 0.0240 7.32 4.52 4.34
V10 3p 4D °-3d4F 6.71 5.71 5.45
4083.9 V48b 0.0211 6.88 3.45 3.63
4087.1 V48c 0.0204 7.04 3.48 3.67
4089.2 V48a 0.1113 10.4 7.26 6.95
4291.2 V55 0.0162 9.27 4.41 4.68
4292.2 V78c 0.0086 8.67 5.67 5.60
4294.7 V53b 0.0314 10.2 5.02 5.21
4303.9 V53a 0.0582 11.6 5.46 6.07
4307.2 V53b 0.0087 7.71 5.50 5.71
4313.5 V78a 0.0086 6.59 3.87 3.73
4353.6 V76c 0.0098 8.98 3.28 3.48
4357.3 V63a 0.0182: 29.3: 4.60: 5.22:
continued on next page
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Table 7.21: continued
0 2+/H+ ( x 10“- 4 )
^0 (^ ) Mult ^obs Tsamis[102] This Worka This Work6
4466.4 V86b 0.0260: 23.7: 10.7: 10.5:
4477.9 V88 0.0145 15.7 7.78 8.21
4489.5 V86b 0.0055 7.86 3.48 3.61
4491.5 V86a 0.0235 16.0 6.36 7.23
4609.4 V92a 0.0439 7.26 6.63 6.44
4669.3 V89b 0.0119: 27.6: 13.0: 13.5:
3d-4f 8.40 5.52 5.69
: indicates abundance not used in sum.
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Table 7.22: 0 2+/H + recombination line abundances in 30 Doradus a. Theoretical abun­
dances from this work, using Tsamis et al. [100] conditions which agree with the conditions 
giving the best fit to the VI multiplet.
0 2+/H + X i—1 o 1
Ao (A) Mult *obs Tsamis[100] This Worka
4638.8 VI 0.0640 6.11 2.25
4641.9 VI 0.0854 3.23 2.43
4649.2 VI 0.0642 1.28 2.28
4650.8 VI 0.0641 6.12 2.25
4661.7 VI 0.0565 4.23 2.16
4673.8 VI 0.0120 5.80 2.57
4676.3 VI 0.0224 1.99 2.08
V I 3s 4P-3p4D° 2.97 2.32
4069.8 V10 0.1328 5.14 3.87
4072.0 V10 0.0683 2.84 2.40
4078.8 V10 0.0324 8.86 2.86
4085.0 V10 0.0258 5.74 2.40
V10 3p 4D°-3d4F 4.47 3.06
4083.9 V48b 0.0108 3.41 2.15
4087.1 V48c 0.0185 6.17: 3.34
4089.2 V48a 0.0210 1.90: 2.46
4303.9 V53a 0.0519 9.97: 2.60
4313.5 V78a 0.0383 28.5: 3.14
4315.4 V63c 0.0533 43.2: 8.22
4609.4 V92a 0.0209 3.35 5.02
3d-4f 3.03 2.91
: indicates abundance not used in sum.
I present the Tsamis abundances for comparison. There is a clear improvement 
within the multiplets when using the new 0  II data from this work, when compared to 
the abundances of Tsamis, which is based on the extended work of Storey [93] assuming 
statistical populations for the multiplet components. This is especially true for the low 
density H II region, 30 Doradus. As one would expect, the co-added multiplet abundances
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are in reasonable agreement, as the total multiplet populations will remain the same. 
The abundances derived from different multiplets are in good agreement, indicating the 
populations of different excited states are modelled effectively in the work presented in 
this thesis.
7 .3 .3  D isc u ss io n
In tables 7.18 and 7.20 I present a comparison between the derived electron densities 
from a variety of diagnostic methods, for a sample of planetary nebulae and H II regions. 
Collisionally-excited forbidden lines have been used often in the past to derive electron 
densities for ionised nebulae. Tsamis et al. [100] discuss the observed discrepancies 
between densities derived using forbidden lines and suggest they show evidence for strong 
density variations within planetary nebulae.
Ruiz et al. [74] present a plot of the electron density derived from a [Cl ill] forbbiden 
line against the fractional intensity of the A4649 component of the O II VI multiplet, for 
a sample of H II regions and planetary nebulae. Their plot shows a strong relationship 
between the two, fitted numerically by Ruiz et al., but without a theoretical atomic 
treatment. The planetary nebulae showing the largest abundance discrepancies discussed 
above are found to lie the furthest from this numerical fit.
In figure 7.8, I present a similar plot to that of Ruiz et al., with the addition of 
a number of other nebulae (including the ’most extrem e’ planetary nebula, Hf 2-2) 
and overlay the theoretical fractional intensity of the A4649 component of the O II 
VI multiplet from the work presented in this thesis. The agreement between both 
the observations and the numerical fit is excellent, indicating tha t the regions emitting 
both the recombination lines and the collisionally-excited lines have similar densities 
for nebulae showing small abundance discrepancies, as one would expect. The result 
also indicates tha t the fractional population of the parent states of O II in low density 
nebulae is indeed the main factor leading to the lack of success in the previous LS- 
coupling treatm ents used to analyse low density nebular spectra in the past.
In figure 7.9, I show a plot of the emissivity ratio A4661/A4089 against the corre­
sponding ratio for A4414/A4089 as a function of tem perature and electron density. These 
three lines are chosen because they show limited case sensitivity, are normally unaffected 
by blending and are among the stronger O II lines. They also show good temperature 
and density sensitivity when compared to most other line combinations. This was found
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Figure 7.8: The electron density derived from the [Cl III] forbbiden line against the fractional 
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by performing a systematic search of all strong line combinations, removing those strong 
lines which showed case sensitivity or were commonly affected by blending.
Overlaying the observations of planetary nebulae and H II regions, this method ap­
pears to give another method of deriving properties of the regions producing the O II 
spectra. An interesting point is the clear separation between the planetary nebulae 
showing small abundance discrepancies (ADF) and those showing large ADF’s, with the 
large ADF nebulae congregating at low temperatures. This provides more support for 
the H-deficient knot model introduced in the C II section above.
The 0 2+/H+ abundance analysis performed for NGC 3242 and 30 Doradus shows a 
clear improvement over the previous work of Tsamis et al. ([102] and [101] respectively) 
due to the use of the intermediate coupling work presented in this thesis. The effect 
at low density is clearly treated effectively in the new data, as the consistent derived 
abundances within multiplets and between different transitions show.
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Figure 7.9: Using the O II lines A4661, A4089 and A4414 to determine electron density and 
temperature
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Finally, with the excellent fit to observation demonstrated above, the method of 
performing a least-squares fit on the regularly observed O II VI multiplet appears to give 
a reliable and sensitive diagnostic of the electron density in low density nebulae, giving 
either the average electron density for those nebulae showing small or no abundance 
discrepancies, or specifically targetting the O II emitting regions for those planetary 
nebulae with large abundance discrepancies. Further high resolution studies of these 
regions targeting O II multiplets will allow the use of this technique on many more 
nebulae.
7.4 Conclusion
In this chapter, I have presented two applications for the C II and O II data generated 
earlier in this thesis. The C II analysis of electron temperatures shows good agreement 
with the proposed H-deficient knot solution for the observed abundance discrepanies in
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planetary nebulae, although including the contribution of high tem perature dielectronic 
recombination provides a high tem perature solution for many of the line ratios observed. 
The consistency between the low tem perature solutions however, suggests the knots are 
indeed at much lower temperatures than the surrounding nebular material in nebulae 
showing large abundance discrepancies.
In the density analysis using the O II data, we not only find a great improvement of 
the fit for low density of the observed O II spectra of ionised nebulae, but also a sensitive 
new method for directly determining the electron density in low density systems. H II 
regions and planetary nebulae showing small abundance discrepancies show very good 
agreement in density between the O II derived value and tha t from the collisionally- 
excited forbidden lines (e.g. [Cl II I ] ) .  In planetary nebulae showing large abundance 
discrepancies and apparently low tem peratures in the metal em itting regions, the con­
tribution of low tem perature dielectronic recombination in O II makes this method less 
sensitive. I show another method of plotting two emissivity ratios against each other 
to provide another diagnostic which appears to support the bimodal model of plane­
tary nebulae showing abundance discrepancies. I conclude the O II analysis with an 
abundance determ ination for a low density planetary nebula and H II region. The new 
O II data gives a much more consistent measurement of the abundances in the regions 




I began this thesis by discussing the key relationship between nebular astrophysics and 
theoretical atomic physics, with both acting as inspiration and judge of the other. I 
hope this work shows this connection clearly, beginning with the original astrophysical 
inspirations of the C II and O II spectra of planetary nebulae and H n regions, passing 
through the improved atomic calculations to finally apply the new theoretical data back 
to nebular analysis.
In Chapter 3, I presented new calculations using the R-matrix methods, detailed 
in Chapter 2, to obtain atomic data  for the C+ . Using these methods, we are able to 
generate state energies, oscillator strengths and photoionisation cross-sections for the 
C+ ion. This work extends and improves tha t produced by Davey et al. [28], covering 
more than three times the energy range covered when treating the photoionisation of C+ 
and improving the C2+ target used with additional target states. The increased energy 
range is of particular importance as we consider the contribution of high tem perature 
dielectronic recombination in the capture-cascade problem of C+ .
Using the data derived in Chapter 3, Chapter 4 presents the application of this 
atomic data to obtain C+ level populations at a range of nebular temperatures. This 
included explanations of the various techniques and approximations used to model the 
processes im portant in the C+ level population structure. The result of this process 
gives new effective recombination coefficients and transition probabilities, which are valid 
to a much higher tem perature than previously achieved by Davey et al. [28] because 
of the treatm ent of high tem perature dielectronic recombination. Chapter 4 includes
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wavelength tables which should have a high accuracy since experimental energies from 
Moore [57] are used where available. One of the key limitations to this C II work is that 
it is completely performed under LS-coupling, limiting the transitions to those allowed 
under LS-coupling. The departures from LS-coupling in C n should be limited, especially 
at low tem peratures. However, especially at high tem perature, quartet-quartet lines will 
become stronger. A full treatm ent in intermediate coupling would include these weaker 
quartet-quartet transitions and give a more accurate approximation (e.g. Sochi et al. 
[88]).
Chapter 5 details the calculation of «/7r-resolved state energies, oscillator strengths 
and photoionisation cross-sections for the 0 + ion, using the R-matrix methods described 
in Chapter 2. The photoionisation cross-sections include all states with J  < 11/2 and 
principal quantum  number n < 10, and are calculated as partial cross-sections to the 
first five parent states of the 0 2+ parent ion. I compare the cross-sections obtained to 
those of the Opacity Project [16], showing a significant improvement in the mapping of 
resonances. The various energy meshes used to achieve this improvement are explained 
in detail.
Following the calculation of atomic data in Chapter 5, Chapter 6 presents calcula­
tions of 0 + state populations made at a range of nebular densities and temperatures. 
This includes explanations of the various techniques and approximations used to model 
the processes im portant in the 0 + state population structure. Notably, these calcu­
lations were performed in intermediate coupling and included fractional parent state 
populations to account for the non-statistical populations of the 3P parent states in low 
density environments. The calculations also include low tem perature dielectronic recom­
bination, treating recombination into high lying bound states of the 3P i and 3P 2 parents 
from 3P 0 and 3Po,i continuum states respectively. These calculations give new effective 
recombination coefficients and transition probabilities, which should give a much better 
fit to observations than previously achieved. I present wavelength tables which should 
have a high accuracy since experimental energies are used where available.
Finally, Chapter 7 develops two applications for the C II and O II data generated in 
the previous chapters. The C II analysis of electron tem peratures shows good agreement 
with the proposed H-deficient knot solution (e.g. Liu et al. [50]) for the observed 
abundance discrepancies in planetary nebulae, although including the contribution of 
high temperature dielectronic recombination provides a high tem perature solution for
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many of the line ratios observed. The consistency between the low tem perature solutions 
however, suggests the knots are indeed at much lower tem peratures than the surrounding 
nebular m aterial in nebulae showing large abundance discrepancies.
In the density analysis using the O II data, we not only find a great improvement of 
the fit at low density of the observed O i i  spectra of ionised nebulae, but also a sensitive 
new method for directly determining the electron density in low density systems. H II 
regions and planetary nebulae showing small abundance discrepancies show very good 
agreement in density between the O II derived value and that from the collisionally- 
excited forbidden lines (e.g. [Cl I I I ] ) .  We show another method of plotting two emissivity 
ratios against each other to provide another diagnostic which appears to support the 
bimodal model of planetary nebulae showing abundance discrepancies. I conclude the 
O II analysis with an abundance determination for a low density planetary nebula and 
H II region. The new O II data  gives a much more consistent measurement of the 
abundances in the regions em itting O II spectra.
In closing, the essence of this work has been the generation of new atomic data for 
the astrophysically im portant species, C II and O II ,  the application of this data to solve 
the capture-cascade problems for both species, and finally using these calculations to 
analyse the spectra of a variety of im portant objects containing photoionised plasmas. I 
hope both the atomic data  this work presents, and the new astronomical techniques (e.g. 
the 0  II VI multiplet as a density probe), will aid further work in this field, in particular 
to solve the long standing problem of abundance discrepancies in planetary nebulae. 
The key to this will be constraining the nature and origin of the H-deficient knots, using 
very high resolution observations. There are likely to be further diagnostics available 
from the data presented here, which have not been considered, but tha t would become 
useful with improved observations. Also, the intermediate coupling treatm ent developed 
here is applicable to a number of other im portant species like N II and Ne II which have 
2P j  and 3P j  parent ground state fine-structure respectively. Both ions should show 
density effects similar to 0  II, although the differences in energy separations between 
the fine-structure levels would result in density diagnostics with sensitivity at different 
nebular densities from the O II work.
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